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Abstract 
Development of a Self-Assembled Meniscal Replacement 
by 
Daniel Joseph Huey 
Injuries to the inner-portion of the meniscus, common with today's active 
lifestyles, have little ability for intrinsic repair due to the lack of vascularity. 
Current treatments only alleviate the symptoms of meniscal damage and do 
nothing to prevent the eventual osteoarthritic changes to the articular surfaces of 
the knee joint. To prevent these changes by restoring the structure and 
functionality of the meniscus, the generation of biochemically and 
biomechanically robust tissue engineered constructs for tissue replacement is 
desirable. This thesis investigated methods to engineer and enhance a self-
assembled meniscal replacement using both a leporine and bovine cell source. 
First, the leporine cell source was considered as it represents the potential for 
future small animal, allogenic, in vivo studies. The use of a chondrogenically-
tuned expansion procedure, involving a chemically defined medium and high 
density monolayer culture, was employed to expand leporine articular 
chondrocytes (ACs). Not only did this protocol outperform traditional expansion in 
terms of promotion of a cartilaginous phenotype, but constructs formed with 
expanded ACs had higher GAG/WW and collagen 2/collagen 1 than constructs 
formed with primary ACs. To further enhance cartilaginous quality and potential 
clinical translatability, the effects of passage number, cryopreservation, and 
^differentiation culture prior to self-assembly were studied for both leporine ACs 
and meniscus cells (MCs). This study found that by increasing the passage 
number to obtain more cells from the same amount of starting material, the 
biochemical and biomechanical properties of constructs were not detrimentally 
affected. Cryopreservation and aggregate pre-culture redifferentiation were found 
to enhance biomechanical properties of AC and MC self-assembled constructs. 
The remaining tissue engineering studies in this thesis employed immature 
bovine ACs and MCs because these cells have been successfully applied in the 
self-assembly process to create constructs of complex shapes. In addition, a 
study was performed to assess the immunogenicity of xenogenic, bovine and 
allogenic, leporine ACs and MCs when co-cultured with leporine peripheral blood 
mononuclear cells (PBMCs). The mixed lymphocyte reaction assay showed that 
an immune response was not elicited by either bovine or leporine cells. This 
result suggests that the use of bovine cells for leporine meniscal replacement 
may be a feasible option. Studies assessing chemical and mechanical 
stimulation of anatomically-shaped meniscus constructs formed from bovine ACs 
and MCs followed. First, effects of temporally coordinated chemical stimuli, 
chondroitinase ABC (C-ABC) and transforming growth factor (31 (TGF-(31), were 
studied on anatomically-shaped meniscal constructs. A stimulation regimen, 
consisting of TGF-|31 applied continuously and C-ABC applied after 1 wk of 
culture, was found to synergistically enhance the radial tensile modulus and 
compressive relaxation modulus; in addition, this regimen additively increased 
the compressive instantaneous modulus and collagen/WW. Next, the effects of 
combining the previously determined chemical stimulation regimen with 
physiologic mechanical stimulation were studied. The shape of the construct and 
compression stimulator allowed for application of simultaneous compression and 
tension stimulation which mimicked the types of forces experienced by native 
menisci. This study found that the application of mechanical stimulation from 
days 10-15 resulted in significant enhancement of all measured biochemical and 
biomechanical properties. Further, combined chemical and mechanical 
stimulation resulted in additive increases to collagen/WW and all biomechanical 
properties. Finally, the effects of self-assembly well topography and compliance 
were studied. This study indicated that a smooth topography and higher 
compliance resulted in constructs possessing higher GAG/WW, collagen/WW, 
and tensile modulus. In conclusion, this thesis identified 1) expansion, 
cryopreservation, and pre-self-assembly ^differentiation as factors able to 
enhance the cartilage-forming capability of leporine ACs and MCs, 2) determined 
that the use of bovine ACs and MCs in leporine meniscal engineering could be 
feasible due to lack of immunogenicity, and 3) discovered chemical and 
mechanical stimulation treatments that were able to enhance the functional 
properties of bovine AC and MC meniscus constructs to values in the range of 
native tissue. In the future, the translation of these techniques to clinical usage 
could reduce the risk of osteoarthritis following meniscus injuries by providing 
functional replacement tissue. 
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Introduction 
The overall objective of this thesis is to generate functional meniscus 
replacement tissue through identification of culture techniques, chemical 
stimulation, and mechanical stimulation. To achieve this objective, the thesis is 
divided into four sections. The first section describes the enhancement of the 
cartilaginous phenotype of expanded, adult, leporine meniscus cells and articular 
chondrocytes. The second section examines the immunogenicity of leporine and 
bovine meniscus cells and articular chondrocytes to assess the feasibility of 
allogenic and xenogenic tissue replacement strategies. The third section focuses 
on the use of anabolic and catabolic chemical stimuli to enhance the functional 
properties of meniscus-shaped constructs formed from bovine cells. The fourth 
section involves the application of both passive and dynamic mechanical 
stimulation on meniscus-shaped constructs formed from bovine cells. The 
primary hypotheses of these investigations are that 1) the proper selection of 
culture conditions will enhance clinical translatability and allow for the generation 
of robust self-assembled constructs from leporine meniscus cells and articular 
chondrocytes; 2) neither leporine nor bovine meniscus cells or articular 
chondrocytes will provoke an immune response in an in vitro leporine model; 3) a 
temporally-coordinated chemical stimulation regimen will allow for the formation 
of meniscus constructs resembling native tissue; 4) physiologic, dynamic 
mechanical stimulation combined with chemical stimulation will result in the 
generation of engineered meniscal tissue that approximates the functional 
properties of native meniscal tissue; and 5) passive mechanical forces present 
during self-assembly well-confinement will significantly affect the geometric and 
functional properties of self-assembled meniscal constructs. To test these 
hypotheses, four specific aims were employed: 
1) To enhance the cartilaginous phenotype and clinical 
translatability of expanded, adult, leporine menis cus cells and 
articular chondrocytes. Previous work in our laboratory has 
documented the detrimental phenotypic shift observed in the 
monolayer expansion of meniscus cells and articular chondrocytes. 
The resulting decrease in cartilage-producing potential and the use of 
serum hampers the clinical utility of these cells. Thus, the first goal of 
this aim is to alter monolayer culture conditions to enhance the 
^differentiation potential of expanded meniscus cells and articular 
chondrocytes. The hypothesis is that a chondrogenically-tuned 
protocol consisting of a chemically-defined medium and high cell 
density will enhance the ability of meniscus cells and articular 
chondrocytes to produce a cartilaginous matrix. The second goal is to 
assess the effects of passage number, cryopreservation, and 
redifferentiation prior to construct formation on expanded leporine 
meniscus cells and articular chondrocytes in an attempt to enhance the 
clinical utility of these cells. The first hypothesis related to this goal is 
that expansion to a higher passage number and cryopreservation will 
not be detrimental to phenotype and will enhance the clinical utility of 
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these cells by enabling generation of a larger number of expanded 
cells and allowing for a frozen cell bank to be created, respectively. 
The second hypothesis is that redifferentiation culture prior to construct 
formation will reduce the amount of fibrous matrix accumulated in 
constructs because the cells will have begun the phenotypic shift from 
fibrous to cartilaginous upon construct seeding. In this aim, 
assessments are used to determine the histological, biochemical, and 
biomechanical properties of the tissue constructs. 
2) To determine the immune response of leporine mononuclear cells 
in co-culture with leporine and bovine articular chondrocytes and 
meniscus cells. Researchers have presented in vitro and in vivo 
accounts of the immunoprivileged nature of meniscal and articular 
cartilage tissues. The purpose of this aim is to determine if allogenic 
leporine and xenogenic bovine meniscus cells and articular 
chondrocytes would be an appropriate cell source for leporine 
meniscal tissue engineering. The hypothesis is that neither meniscus 
cells nor articular chondrocytes from a leporine or bovine cell source 
will induce an immune response in leporine mononuclear cells. The 
presence of an immune response is assessed via a mixed-lymphocyte 
reaction test. 
3) To determine the ability of an anabolic growth factor, TGF-01, and 
a catabolic enzyme, chondroitinase ABC (C-ABC), to enhance the 
functional properties of self-assembled meniscal constructs. 
4 
Previous studies in our laboratory have identified these two chemical 
agents as beneficial to the biomechanical properties of self-assembled 
constructs, but they have never been tested in combination. The 
purpose of this aim is to determine a temporally-coordinated chemical 
stimulation regimen consisting of C-ABC and TGF-J31 for meniscus-
shaped self-assembled constructs. The hypotheses are 1) that a one-
time application of C-ABC applied at an earlier time point will be more 
beneficial to functional properties than later application; 2) intermittent 
stimulation with TGF-(51 will result in enhanced construct properties as 
compared to continuous application; and 3) combined C-ABC and 
TGF-01 stimulation will result in synergistic increases to construct 
biomechanical properties. To determine the effects of chemical 
stimulation on anatomically-shaped meniscus constructs, histological, 
immunohistochemicai, biochemical, and biomechanical assessments 
are performed 
4) To determine the effects of passive and dynamic mechanical 
stimulation on meniscal constructs. In regards to articular cartilage 
tissue engineering, dynamic mechanical stimulation has shown to be 
beneficial to construct properties. However, the effects of mechanical 
stimulation on meniscus constructs, whether tensile or compressive, 
have not been elucidated. Passive mechanical stimulation has been 
previously shown to be beneficial to self-assembled constructs formed 
from articular chondrocytes. The first goal of this aim is to assess the 
effects of the application of simultaneous tensile and compressive 
stimulation on meniscus-shaped constructs, with or without chemical 
stimulation. The two hypotheses are that 1) early mechanical 
stimulation will have a greater effect on construct properties and 2) 
combined chemical and mechanical stimulation will result in synergistic 
or additive enhancement of biochemical and biomechanical properties. 
The second goal is to determine the effects of passive mechanical 
stimulation on construct geometric and functional properties through 
alteration of the compliance and surface roughness of the self-
assembly mold. The hypothesis is that more compliant, rougher molds 
will favor the formation of meniscus constructs. Histological, 
immunohistochemical, biochemical, and biomechanical assessments 
are performed to determine the effects of these two types of 
mechanical stimulation on self-assembled meniscus-shaped 
constructs. 
Chapter 1 discusses a study in which the effects of a chondrogenically-tuned 
expansion protocol for leporine meniscus cells and articular chondrocytes are 
presented. Chapter 2 focuses on effects of passage number, cryopreservation, 
and ^differentiation culture prior to self-assembly on expanded leporine 
meniscus cells and articular chondrocytes. Chapter 3 presents results on a study 
in which the immunogenicity of leporine and bovine meniscus cells and articular 
chondrocytes are assessed. Chapter 4 examines the temporally-coordinated 
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application of C-ABC and TGF-(31 on meniscus-shaped constructs formed from 
bovine cells. Chapter 5 discusses the results of applying physiologic mechanical 
stimulation with or without chemical stimulation. Chapter 6 focuses on the effects 
of mold compliance and roughness on meniscus-shaped constructs formed from 
bovine meniscus cells and articular chondrocytes. 
Chapters 1 and 2 address work toward the completion of specific aim 1. Chapter 
1 identifies an expansion medium that can induce higher levels of cartilaginous 
matrix to be produced in constructs formed from expanded chondrocytes. 
Chapter 2 examines if cells of a higher passage number can be employed 
without phenotypic detriment, cryopreservation of expanded cells can be 
beneficial to construct properties, and aggregate ^differentiation can enhance 
the cartilaginous nature of constructs. This study also compares the performance 
of both expanded meniscus cells and articular chondrocytes to their primary cell 
counterparts. 
Chapter 3 focuses on specific aim 2. This chapter examines the ability of leporine 
and bovine articular chondrocytes and meniscus cells to induce proliferation of 
leporine mononuclear cells. The results of this study will indicate the potential of 
these cells to be used in future in vivo studies. 
Chapter 4 addresses work toward the completion of specific aim 3. This chapter 
will identify a temporally-coordinated chemical stimulation regimen involving C-
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ABC and TGF-J31 that results in synergistic increases to construct functional 
properties. 
Chapters 5 and 6 address work toward the completion of specific aim 4. Chapter 
5 will attempt to show that physiological mechanical stimulation is beneficial to 
meniscus-shaped constructs and that these benefits can be additively increased 
when combined with chemical stimulation. Chapter 6 will attempt to improve 
geometric and compressive properties through variations in passive mechanical 
stimulation. Passive mechanical stimulation will be altered by varying well 
compliance and surface topography. 
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Chapter 1: Chondrogenically-tuned expansion enhances 
the cartilaginous matrix forming capabilities of primary, 
adult, leporine chondrocytes in the self-assembly 
modality 
Daniel J. Huey and Kyriacos A. Athanasiou 
Chapter submitted as: Huey DJ and Athanasiou KA. Chondrogenically-tuned 
expansion enhances the cartilaginous matrix forming capabilities of primary, 
adult, leporine chondrocytes in the self-assembly modality. Submitted to Tissue 
Engineering 
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Abstract 
When expanded through passage in monolayer, chondrocytes are known to 
dedifferentiate thus losing their ability to effectively produce matrix characteristic 
of articular cartilage. This process lessens their efficacy in both cell-based 
cartilage repair therapies, such as autologous chondrocyte implantation, and in 
tissue engineering. This study employs two phases aimed at minimizing the 
number of primary cells needed to create high quality cartilaginous constructs. In 
the first phase, two serum free medium formulations were compared to traditional 
serum-containing medium for the expansion of adult chondrocytes. The aim of 
the second phase was to determine an "expanded cell to primary cell" co-culture 
ratio that allows for the fewest number of primary cells to be used while still 
obtaining a robust cartilaginous construct. Results from the first phase showed 
that serum-free media supplemented with bFGF provided similar monolayer 
growth rates during expansion as those obtained using serum containing 
medium. Subsequent construct formation using only the expanded cells showed 
increased GAG/WW by 40% and Col I I/Col I values by 14-fold when compared to 
constructs formed using cells expanded under serum-supplementation. 
Biochemical analysis of constructs formed in the second phase showed that 
constructs formed purely with expanded cells had twice the GAG/WW and Col 
I I/Col I than pure primary cell constructs. These counterintuitive results show that 
by applying proper expansion and three-dimensional culture techniques the 
cartilage forming potential of adult chondrocytes expanded through passaging 
can be enhanced over that of primary cells. 
10 
Introduction 
When the degenerative changes associated with osteoarthritis manifest in 
articular cartilage, the afflicted person will suffer from pain and loss of joint 
function. These detrimental changes occur due to articular cartilage's poor 
intrinsic healing ability.1 Mechanically superior articular cartilage has more 
appropriate frictional and compressive properties than the fibrocartilaginous 
tissue that can replace it in a healing response.2 Without these material 
properties, the tissue's ability to resist wear and reduce friction is compromised. 
Tissue engineering has the potential to mitigate the effects of this degenerative 
condition by providing tissue of the necessary properties to repair articular 
cartilage defects. 
The emerging use of cell-based therapies for clinical treatment opens the door to 
a plethora of options presented by cartilage tissue engineers. In particular, the 
tissue engineering technique self-assembly shows great promise in its ability to 
form cartilaginous constructs with properties approaching native tissue.3"7 This 
novel technique is guided by the Differential Adhesion Hypothesis. The self-
assembly process harnesses this concept by depriving the cells of a surface to 
bind to, and, thus, in order to minimize free-energy cells must bind to each other 
via N-cadhehns.7, 8 This scaffoldless method of forming a tissue engineered 
construct circumvents concerns from introducing a scaffold material such as 
stress shielding, toxic degradation products, and degradation rate.3 Much of the 
current work with the self-assembly process utilizes cells liberated from the 
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articular cartilage of skeletally-immature animals that are used without any 
cellular expansion.3"7 It is desirable to determine the applicability of the self-
assembly process to cells that represent a population that could more readily be 
translated into a clinical setting. Thus, in this study the self-assembly process will 
be applied to adult, expanded chondrocytes. 
A second generation cartilage repair procedure requires two distinct stages of in 
vitro culture prior to implantation, monolayer cell expansion and 3D construct 
formation. Both of these stages present opportunities for intervention in an 
attempt to enhance the cartilaginous properties of the resulting cartilage repair 
tissue. The first phase of this study will focus on enhancing the chondrogenic 
potential of expanded chondrocytes by manipulation of the culture protocol 
during their expansion. In the second phase of this study, co-cultures of primary 
and expanded chondrocytes will be investigated to determine if the signals 
provided by a small amount of primary cells can significantly improve 
chondrogenesis of expanded cells. 
When expanding chondrocytes in monolayer, dedifferentiation occurs. This 
change has been well-characterized and involves the rapid up-regulation of 
collagen types I, III, and V and versican expression and down-regulation of 
collagen types II, IX, and XI and aggrecan.9"12 Researchers have developed 
chondrocyte specific in vitro expansion protocols that are able to enhance 
^differentiation potential in 3-D culture. These expansion techniques include the 
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use of high seeding and passaging densities and modulation of the culture 
medium. Insulin has been shown to decrease collagen type I, increase collagen 
type II, and increase sulfated GAG synthesis.13"16 Dexamethasone is a 
glucosteroid shown to enhance SOX9 expression and thus the expression and 
production of cartilage specific ECM (collagen type II and GAG).17"19 The 
application of bFGF has been shown to increase both proliferation and 
^differentiation, potentially due to increased SOX9 expression, of expanded 
chondrocytes.19"24 Serum, in chondrocyte expansion medium, has been shown to 
greatly decrease SOX9 expression, increase collagen type I expression, 
decrease aggrecan expression, and decrease collagen II per collagen I 
expression as compared to cells expanded in serum free media.25"27 High density 
seeding of chondrocytes increases cell-to-cell contact during expansion and has 
been shown to result in less phenotypic drift and enhanced redifferentiation 
potential.27"30 
Following expansion, scaffold-less culture techniques, such as aggregate 
suspension culture and pellet culture, have been employed to rescue the 
chondrocyte phenotype with encouraging results. In 3D culture, cells begin to re-
express chondrocyte markers (GAG and collagen type II) while decreasing 
collagen type I expression.22,23,25"27,31 This 3D-induced redifferentiation may also 
be enhanced further by co-culturing with primary cells. This technique has been 
most commonly employed in attempts to differentiate stem cells32"35 but a study 
with passaged chondrocytes has also shown success.36 These studies indicate 
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that the surface receptors and excreted chemical factors associated with the 
primary cells have a profound effect on cells exhibiting plastic phenotypic 
characteristics. 
The first phase of this study will test a novel combination of chondrogenic media, 
bFGF, and high seeding and passaging densities. It is hypothesized that the 
combination of these culture techniques will allow for comparable expansion 
rates and improved construct cartilaginous properties when compared to 
expansion in a serum-containing medium. The second phase will employ 
chondrocytes expanded in the conditions chosen in the first phase combined in 
varying ratios with primary chondrocytes and self-assembled. The hypothesis is 
that that by incorporating primary chondrocytes into passaged chondrocyte self-
assembled constructs the detrimental effects of passaging can be partially 
mitigated. 
Methods 
Chondrocyte isolation, expansion, and seeding 
Chondrocytes were isolated from both the tibial and femoral articular cartilage 
surfaces of skeletally-mature New Zealand White Rabbits (Heaton Rabbitry) 
within 8 hours after sacrifice in 0.2% collagenase type II (Worthington) in 
chemically defined chondrogenic culture medium (CHG) (DMEM with 4.5 g/L-
glucose and GlutaMAX (Invitrogen), 100 nM dexamethasone, 1% fungizone, 1% 
penicillin/streptomycin (BD Biosciences), 1% ITS+ premix (BD), 50 mg/mL 
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ascorbate-2-phosphate, 40 mg/mL L-proline, and 100 mg/mL sodium pyruvate 
(Fisher Scientific)). After digestion, chondrocytes from ten rabbits were pooled 
together and frozen at -80°C in culture medium supplemented with 20% fetal 
bovine serum (FBS) (Gemini Bio-Products) and 10% DMSO. After freezing, cells 
were placed in liquid nitrogen cryo-storage until they were needed for expansion. 
Primary chondrocytes were rapidly thawed and seeded on T-225 flasks for 
expansion. The cell culture media was CHG, CHG+b (CHG + 5ng/mL bFGF 
(Peprotech)), or serum containing media (SC). SC media is defined as CHG 
media with 10% FBS instead of the ITS+ and dexamethasone combination. For 
both the CHG and CHG+b expansion groups, it was necessary to add 10% FBS 
for the first 24 hours of seeding both after thawing and at each passaging event 
to allow adequate cell adhesion. After this 24 hour period, the medium was 
changed to the appropriate serum-free formulation. Cells in the CHG and CHG+b 
expansion groups were seeded at an initial density of 2.5 x 104 cells/cm2 and 
maintained in culture until 4 days after confluence. Cells in the SC expansion 
group were seeded at an initial density of 1.1 x 104 cells/cm2 and passaged at 
90% confluence. Cells were expanded to P3 under these conditions and then 
self-assembled. 
Following expansion, constructs were seeded by placing 2 million cells into a 3 
mm diameter agarose well. Agarose wells were created by filling a well of a 6-
well plate with molten 2% agarose and placing multiple 3mm silicone posts into 
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the agarose. After the agarose had set, the silicone posts were removed and the 
wells were placed into CHG medium for 1 week prior to the beginning of the 
experiment to ensure medium infiltration into the agarose gel. Constructs 
remained in the agarose wells until 4 days had passed since the constructs had 
reached the well-edge as this was shown to be the optimal time for 
unconfinement.6 Media was changed every other day for the 4 wks of 3D culture. 
At the 4 week time point, constructs were removed to perform gross 
morphological, histological, and biochemical assessments. 
For the second phase of the study chondrocytes were expanded in the protocol 
described previously for the CHG+b group. Suspensions of primary and 
expanded cells were combined appropriately to obtain a range of P0:P3 ratios 
(100:0, 50:50, 25:75, 10:90, 2:98, 0:100). Constructs were then formed via self-
assembly as described above. After 4 wks of culture, gross morphological, 
histological, biochemical, and biomechanical properties were assessed. 
Histology 
Samples were frozen and sectioned at 14 urn. Safranin-O/fast green staining was 
used to examine glycosaminoglycan (GAG) distribution. Picrosirius red staining 
was used for qualitative examination of collagen content and distribution. Two 
constructs from each group were used for histological examination. 
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Quantitative Biochemistry 
Biochemical analysis included Blyscan GAG assay (Biocolor) based on 
dimethylmethylene blue (DMMB) binding, a modified colorometric hydroxyproline 
assay,37 PicoGreen® (Invitrogen) for DNA content, and enzyme-linked 
immunosorbent assays (ELISAs) for collagens I and II. Samples were lyophilized 
for 48 hours, and dry weights were measured. Samples were digested in pepsin 
for 4 days at 4°C followed by a 1-day elastase digest. For collagen II ELISA, 
Chondrex reagents and protocols were used. For collagen I ELISA, a similar 
protocol was employed with antibodies from US Biological. DNA content data 
from the PicoGreen® assay was converted to cell number using a conversion 
factor of 7.7 pg DNA per cell.38 For all biochemical tests six constructs per group 
were used. 
Unconfined Compression 
Construct dimensions were measured with calipers prior to testing. For stress 
calculations, constructs were assumed to be cylindrical after bisecting the 
constructs in half through their height. Samples were compressed, at 10% strain 
per second, to 10%, 20%, and 30% strain on an Instron 5565. Testing was 
conducted in a PBS bath (pre-load 0.2% strain, increments held for 10 min). The 
curve fitting tools on Matlab were used to determined viscoelastic compressive 
properties (relaxation modulus, instantaneous modulus, coefficient of viscosity) 
as previously described.39 Six constructs from each group were assessed for 
biomechanical properties. 
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Statistics 
A single factor ANOVA was used to examine the results obtained from 
biochemical and biomechanical testing. Tukey's post-hoc test was used, when 
needed, to determine significance between groups. Significance was defined as 
p<0.05. 
Results 
Phase 1 
Expansion 
All three media formulations employed in this study allowed expansion to P3. 
This level of expansion was reached from day 16 to day 35 depending on the 
expansion media used. Expansion times were similar for the CHG+b and SC 
groups, 16 and 20 days, respectively, but the CHG group took nearly twice as 
long (35 days) to reach passage three. Cellular morphological changes were also 
noted throughout the expansion procedure. Regardless of the media formulation 
employed, there was some degree of shift from a rounded cell shape to a more 
elongated shape with higher amounts of cellular projections. Figure 1 shows 
images taken at passage zero confluence and immediately before the third 
passaging step and highlights these phenotypic changes. When P3 had been 
reached, a nearly 300-fold increase in cell number was obtained. 
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Gross Morphology 
Passaged chondrocytes from the three different expansion media formulations 
were able to self-assemble when placed in non-adherent 3mm diameter agarose 
wells. The constructs from the serum-free expansion groups were cylindrical with 
hemispherical ends while the serum-supplemented constructs were spherical. 
Diameters ranging from 2.5 to 3.2 mm were observed (Table 1). Groups 
consisting of the serum free expanded chondrocytes had significantly larger 
diameters than the constructs formed with chondrocytes expanded in the serum 
supplemented medium. Construct wet weights ranged from 9.0 to 18.7 mg with 
significant differences among all three groups (Table 1). 
Biochemistry 
A summary of the biochemical composition of the constructs formed in Phase 1 
can be found in Table 1. Construct cellularity decreased from the seeding value 
of 2 million cells to 1.2 to 1.5 million cells at 4 wks. A significant difference was 
noted in this metric between both the CHG and SC groups. The amount of 
collagen contained in each construct varied from 1.2 to 1.6 mg with a significant 
difference between the CHG+b and SC groups. Two commonly used biochemical 
metrics to judge the cartilaginous quality of tissue constructs are the GAG 
content and collagen II to collagen I ratio. The amounts of sulfated GAG per 
construct normalized to wet weight are compared in the black bars of Figure 2. 
The GAG content of constructs formed with chondrocytes expanded in one of the 
serum-free medium formulations was significantly greater than constructs formed 
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with serum-expanded cells. This trend is continued in the gray bars of Figure 2, 
which shows the collagen II to collagen I ratio. Again, both of the serum-free 
groups significantly outperformed the serum supplemented group. 
Phase 2 
Gross Morphology and Histology 
Morphological differences were noted among the treatments just days after 
seeding. Constructs formed with higher ratios of expanded to primary 
chondrocytes covered a larger portion of the well bottom. This, along with 
differences in growth kinetics, led to constructs containing a higher proportion of 
expanded cells to reach the well edge before those with a lower proportion of 
expanded cells. Constructs containing 100% or 50% primary cells never reached 
the well-edge and were unconfined from the agarose well after 2 wks of culture. 
All other constructs were unconfined 4 days after reaching the well edge. Figure 
3 and Table 2 illustrate the differences in the gross morphological properties of 
constructs after 4 wks of culture. 
Histological examination with picrosirius red showed uniform collagen presence 
throughout all constructs (data not shown). Safranin-O/fast green staining to 
identify GAGs revealed similar, intense staining of all groups except the 100:0 
group, where faint coloration was only observed in the central regions of the 
constructs. Results from safranin-O/fast green histological examination are 
shown in Figure 3. Also noticeable in the histological examination was a central 
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region lacking ECM. Prior to any other assessments, trypan blue examination of 
the liquid in this central region showed cells were present but none were viable. 
Quantitative biochemistry 
The biochemical assays resulted in the quantitative determination of collagen, 
GAG, and collagen types I and II. Results from these tests are displayed as 
content per construct in Table 2. Results from the hydroxyproline assay showed 
that constructs contained between 7.3 and 1.0 mg of collagen. The 100:0 group 
was shown to contain significantly less collagen than the 2:98 and 25:75 groups. 
The DMMB assay for GAG content displayed a range of values from 0.3 to1.6 
mg. All groups containing expanded cells had a significantly higher GAG content 
than the pure primary cell group. Further, there was a 2-fold increase in GAG 
content between pure primary cell and pure expanded cell constructs (black bars, 
Figure 4). The range of values for collagen types I and II were 33-57 ug and 195-
329 ug, respectively. Notably, collagen type I content for pure primary cells was 
two times greater than the 0:100 group. All groups containing passaged cells 
possessed a significantly greater amount of collagen type II than the 100:0 
group, with a 50% increase observed when using expanded rather than primary 
cells. Collagen type II normalized to collagen type I is a useful way for gauging 
the cartilaginous quality of tissue constructs. When this normalization was 
applied to the aforementioned data, a trend of increasing collagen type II per 
collagen type I was observed with an increased amount of passaged cells per 
construct (gray bars, Figure 4). The PicoGreen assay showed a significant 
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difference in construct cellularity among groups with a range of 1.0-1.5 million 
cells. The 100:0 group possessed a significantly lower number of cells than all 
other groups. 
Unconfined compression 
Force and deformation data collected from the compression test were analyzed 
to fit the experimental data curves to the theoretical solution of the viscoelastic 
model. For the 20% strain level, significant differences were observed in all three 
measured parameters. The relaxation moduli ranged from 193±37 to 443±68 kPa 
with significantly higher values associated with all groups containing passaged 
cells (black bars, Figure 5). Instantaneous moduli varied from 801 ±55 to 
1157±128 kPa with the 50:50 group having a significantly greater value than all 
other groups (gray bars, Figure 5). Finally, the coefficient of viscosity ranged from 
14±2 to 26±5 MPa*s with a decreasing trend associated with a decrease in the 
amount of primary cells. Similar trends were obtained at the 10% and 30% strain 
levels. 
Discussion 
The process of chondrocyte ^differentiation following expansion-induced 
dedifferentiation is of great interest in the field of cartilage regeneration on both 
clinical and research levels. Clinically, interest is fueled by the growing popularity 
of autologous chondrocyte implantation and other cell-based techniques that 
employ expanded chondrocytes. If the passaged cells used in these procedures 
22 
can be coaxed into maintaining a greater portion of their chondrogenic ability 
either by modulating the monolayer expansion phase or by introducing a three-
dimensional culture, the quality of tissue formed and thus the success rate of 
these procedures should improve. Further, primary cells are a cell source that 
cannot be as easily translated into clinical usage due to lack of donor tissue. 
Therefore, the use of cells expanded through passage is desirable. 
Redifferentiation of chondrocytes is also of interest to the tissue engineering field, 
as obtaining the large numbers of primary cells for in vitro evaluations is both a 
temporal and financial restraint. The use of expanded chondrocytes in tissue 
engineering studies can circumvent these issues. The results of this study 
excitingly show that by applying a chondrogenically-tuned expansion to adult 
chondrocytes not only can chondrocytes be expanded 300-fold to acquire the 
high cell numbers required for tissue engineering but also the chondrogenic 
capability of these cells can be enhanced over their primary counterparts. This 
study also shows, for the first time, that passaged, adult articular chondrocytes 
can be used in the self-assembly modality to make functional tissue. 
The issue of chondrocyte dedifferentiation can be addressed on two different 
levels. The first level is the monolayer expansion of chondrocytes and the second 
level is the three-dimensional culturing modality. This study was designed to 
enhance chondrocyte redifferentiation on both of these levels in an attempt to 
minimize the number of primary cells needed for the self-assembly of a 
cartilaginous construct. The first phase of this study examined three different 
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medium formulations to evaluate two hypotheses: (i) the use of a serum-free 
medium for chondrocyte expansion will enhance ^differentiation potential and (ii) 
addition of bFGF to serum-free culture media will enhance proliferation rate. The 
second phase employed varying ratios of primary cells in co-culture with 
expanded cells to test the hypothesis that by incorporating primary chondrocytes 
into expanded chondrocyte self-assembled constructs the detrimental effects of 
expansion through passage can be partially mitigated. Due to the counterintuitive 
results of this study, it was performed a second time and indeed repeatability was 
confirmed. Due to the similarities in experimental data, the results presented in 
this article are results from the second study only. 
The biochemical evaluation of constructs from phase I confirms the hypothesis 
that a serum free medium formulation used to expand chondrocytes is beneficial 
to the cartilaginous properties of resultant tissue constructs. Formation of 
constructs with CHG+b expanded cells resulted in 40% more GAG/WW and a 
14-fold increase in the collagen II to collagen I ratio compared to constructs 
formed with SC expanded cells. These results agree with other studies 
investigating the use of a serum free medium. Malpeli et al.25 determined that, by 
eliminating serum for the expansion of chondrocytes, collagen I was no longer 
produced, collagen II increased from barely detectable to a high level throughout 
the construct, and GAGs began to be produced. Mandl et al.27 showed that the 
elimination of serum from expansion media increases the collagen II to collagen I 
gene expression ratio and increases the GAG content of alginate tissue 
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constructs. The data from this study further support the transition from a serum-
supplemented medium for chondrocyte expansion to a serum-free medium tuned 
for the expansion of chondrocytes. 
Results from phase II suggest that cells expanded through passage are not only 
beneficial due to the ease of obtaining a sufficient cell number for construct 
formation but also because pertinent biochemical and biomechanical properties 
exceed those of primary cell constructs. This disproves the hypothesis 
associated with this phase in a counterintuitive manner as previous literature has 
shown expansion through passage to be detrimental to chondrocytic phenotype9. 
For this phase, a 1-fold increase in GAG/WW accompanies the use of any 
amount of expanded cells when compared to pure primary cell constructs. 
Further, the collagen II to collagen I ratio follows an increasing trend as the 
amount of expanded cells in the co-culture is increased with a maximum increase 
of 57% when comparing pure primary cell constructs to pure expanded cell 
constructs. Biomechanical properties obtained from compression testing again 
show that the use of any amount of expanded cells in the formation of tissue 
constructs results in properties that either meet or exceed pure primary cell 
constructs, except for the coefficient of viscosity. All constructs containing 
expanded cells have a significantly higher relaxation modulus than the constructs 
formed with only primary cells, and the pure primary and pure expanded cell 
constructs do not significantly differ in terms of instantaneous modulus. 
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The absence of serum and presence of insulin, dexamethasone, and bFGF in 
expansion media has been shown to positively modulate SOX9 expression.17,18, 
24-27
 As such, the results of both phases of this study may be due to differences 
in SOX9 expression among treatments. SOX9 is a transcription factor that is 
present transiently in embryonic mesenchymal condensations and throughout life 
in chondrocytes. The SOX9 protein binds to the first intron of both the 
collagen2a1 and aggrecan genes enabling transcriptional up-regulation of these 
genes.40, 41 Furthermore, researchers have linked up-regulation in SOX9 
expression to increased chondroitin sulfate synthesis.42 In phase I, differences in 
SOX9 expression could be attributed to the omission of serum and the addition of 
insulin, dexamethasone, and bFGF to the serum free expansion media. The 
enhancement of GAG/WW and collagen II per collagen I seen in this study would 
be expected if SOX9 expression was increased. 
Researchers have observed age related decreases in cartilaginous matrix 
production and that, with proper expansion conditions, detrimental aging effects 
can be partially mitigated.26, 43, 44 Furthermore, Hidaka compared juvenile and 
adult chondrocytes and determined that aging decreases SOX9 expression.45 In 
regards to the second phase, it is interesting to note the poor cartilage forming 
capability of primary cells as compared to passaged cells. This counterintuitive 
finding may also be a result of differential SOX9 expression. Even though all 
chondrocytes used in this study were adult cells, the additives present in the 
CHG+b expansion medium likely increased SOX9 expression of these cells. 
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Future studies should attempt to verify this hypothesis, as it will be beneficial for 
both tissue engineering and from a basic biological standpoint. This is the first 
account that shows if proper cell expansion conditions are applied passaged 
articular chondrocytes can outperform their primary counterparts. 
The acellular and aproteinaceous central region is an interesting feature of the 
passaged cell constructs. As the self-assembly process is guided by the 
Differential Adhesion Hypothesis, it is likely that this feature is due to cell sorting. 
When seeding a heterogeneous cell population into a non-adherent mold, cells 
will segregate according to the types and amounts of their various surface 
receptors.8 By passaging chondrocytes in monolayer, a subset of the expanded 
cells may have developed an integrin-dominant, adhesion dependent phenotype. 
These cells likely migrated to the center of the construct and proceeded down an 
apoptotic pathway due to lack of integrin binding. While it is possible that this 
central structure formed as a result of a nutrient transfer issue, it is unlikely 
because self-assembled constructs of greater thickness have been generated,46 
and the formation of this central structure occurs within the 48 hrs following 
seeding. Prior to seeding passaged chondrocytes, a cell selection or sorting 
procedure such as FACS, Percoll gradient, rapid adherence, or preliminary 3D 
culture may allow for the elimination of the cells responsible for formation of the 
acellular and aproteinaceous region. 
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While a cell sorting procedure would lessen the cell number obtained from 
expansion, an abundance of cells could still be obtained. Taking into account the 
25% reduction in cell number seen from seeding to the 4 wk time point, the 
CHG+b expansion protocol described above would result in a 48-fold net 
increase in cell number. Chaipinyo et al. 47 showed that 1 million chondrocytes 
could be obtained from the debrided articular cartilage obtained prior to the 
autologous chondrocyte implantation. Using this cell number and the expansion 
procedure described above, 48 million chondrocytes capable of self-assembly 
could be generated. Based on the protocols currently employed to self-assemble 
1 mm thick constructs, this number of cells would create enough tissue construct 
to cover 170 mm2. These results show that the expanded cells are not only 
clinically attractive from a phenotypic standpoint but also from a cell number 
perspective. 
When comparing the properties of the tissue constructs obtained in this study to 
the properties of native articular cartilage, it is clear that passaged, adult 
chondrocytes are a feasible cell source for tissue engineering via the self-
assembly process. Paramount to a tissue replacement's functionality is 
mechanical properties, and, in the case of cartilaginous tissue, compression 
functionality is key. Adult rabbit articular cartilage has been shown to have 
instantaneous and relaxation moduli of approximately 1.39 MPa and 0.74 MPa, 
respectively. This study produced constructs with instantaneous moduli up to 
83% of native values and relaxation moduli of up to 60% of native values.48 
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Biochemical properties are also important as they may shed light upon how 
mechanical properties can further be increased. Native GAG/WW values (~5%)49 
were exceeded by all groups containing expanded cells. Collagen content was 
lower than native values (~25%)50 for all groups. Future tissue engineering 
attempts should focus on increasing collagen content of expanded cell constructs 
as this appears to be the main drawback of this cell source. Researchers 
employing the self-assembly process to bovine primary chondrocytes have 
identified a number of stimuli capable of increasing the mechanical and 
biochemical properties of constructs including TGF-(31, hydrostatic pressure, 
hypoxia, CABC, and intracellular calcium and sodium modulation.4, 51"53 
Application of these chemical and mechanical stimuli may bring the properties of 
tissue constructs formed from expanded, adult cells even closer to native values. 
Conclusions 
This study shows we may have to rethink the current view that cellular expansion 
can only be detrimental to the chondrocyte phenotype. If the expansion phase is 
fully taken advantage of by the application of chondrogenic conditions, adult 
chondrocytes can be stimulated to increase their cartilage-forming capabilities. 
Chondrocyte-specific expansion techniques may allow for smaller biopsies to be 
taken for chondrocyte implantation procedures due to the higher chondrogenic 
potential of the resultant cells. These benefits will also translate to cartilage 
engineering where primary cell availability can also be limited. Overall, this study 
shows expanded chondrocyte may be a more useful cell source than previously 
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believed and provides an excellent starting point for the use of adult, leporine 
cells in the self-assembly modality due to construct biomechanical and 
biochemical properties approaching those of native cartilage. 
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Figure 1: Comparison of cellular morphology during passaging. 
(A) P0 chondrocytes 2 days after seeding exhibit typical rounded morphology. (B) 
P2 chondrocytes in SC immediately before final passage exhibit an elongated 
morphology typical of de-differentiated chondrocytes. (C-D) P2 chondrocytes 
expanded in CHG (C) and CHG+b (D) immediately before final passage have 
maintained a rounded phenotype throughout 3 passages. 
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Figure 2: Phase 1 biochemical data 
Phase 1 total GAG normalized to wet weight (black bars) and collagen II 
normalized to collagen I (gray bars). Data displayed as mean ± SD. Significant 
differences for GAG/WW and Col II / Col I are denoted with capital and lower 
case letters, respectively. Differences were considered significant if p < 0.05. 
Constructs formed with cells expanded in CHG or CHG+b scored significantly 
higher in each of these metrics of cartilaginous quality than constructs formed 
with cells expanded in SC medium. 
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Figure 3: Phase 2 gross morphology 
Images a-f and g-l show gross morphological images from the top and side, 
respectively. White scale bar in image (a) is 3mm and applies to images a-l. 
Images m-r show safranin O/fast green staining taken at 20x. There was an 
increasing trend in construct diameter and thickness when increasing the amount 
of P3 cells in the construct. Safranin O/fast green straining showed that by 
incorporating any amount of expanded cells, staining intensity increased. Also, it 
shows a central region devoid of cells and ECM. 
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Figure 4: Phase 2 biochemical data 
Phase 1 Total GAG normalized to wet weight (black bars) and collagen II 
normalized to col I (gray bars). Data displayed as mean ± SD. Significant 
differences for GAG/WW and Col II / Col I are denoted with capital and lower 
case letters, respectively. Differences were considered significant if p < 0.05. All 
groups containing P3 cells had significantly higher GAG/WW than P0 constructs. 
This trend is mostly replicated in Col 11/ Col I with the exception of the 50:50 
group. 
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Relaxation (black bars) and instantaneous (gray bars) moduli of P0:P3 
constructs. Data displayed as mean ± SD. Significant differences for relaxation 
and instantaneous modulus values are denoted with capital and lower case 
letters, respectively. Differences were considered significant if p < 0.05. For both 
metrics the 50:50 group significantly outperformed all other groups. The 100:0 
group had a significantly lower relaxation modulus than all other groups but there 
were no other significant differences for the instantaneous modulus. 
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Table 1. Biochemical results for phase 1 constructs after 4 wks in culture. 
Diameter (mm) 
Wet weight (mg) 
Cells (millions) 
Collagen (mg) 
GAG (mg) 
Collagen 1 (|jg) 
Collagen 2 (|jg) 
CHG+b 
3.2±0.1 a 
18.7±2.7a 
1.3 ± 0.1ab 
1.2 ± 0.1b 
1.6±0.1a 
36.4±4.0b 
287.1 ±7.2a 
CHG 
3.0 ± 0.2a 
14.2±2.1 b 
1.5 ± 0.1a 
1.6±0.2ab 
1.1 ± 0 . 1 b 
33.5±5.3b 
278.1 ±42.9ab 
SC 
2 .5±0 .1 b 
9.0 ±1.6° 
1.2±0.1b 
1.4±0.2a 
0.5±0.1 c 
422 ± 77a 
226.8 ± 22.3b 
Values shown as mean ± SD. Data denoted by different letters indicate significant differences (p<0.05) 
36 
Table 2. Biochemical results for phase 2 constructs after 4 wks in culture. 
Diameter (mm) 
Thickness (mm) 
Wet Weight (mg) 
Collagen (mg) 
GAG (mg) 
Col 1 (Mg) 
Col 2 (Mg) 
100:0 
2.6±0.1e 
1.610.1" 
7.3±0.3e 
0.7 ±0 .1" 
0.3±0.1c 
57 ± 14a 
195 ±29" 
50:50 
2.8 ±0 .1 " 
2.2±0.1c 
12.2±0.6d 
0.9±0.1a" 
1.0 ±0.2" 
50±12a6 
290 ± 40a 
25:75 
3.1 ±0 .1 c 
2.5 ±0 .1" 
15.0±0.7C 
0.95±0.1a 
1.3±0.2ab 
42±12a t 
283 ± 46a 
10:90 
3.3±0.1ai> 
2.5 ±0.1* 
17.6 ±0.6" 
0.8 ± 0.2ab 
1.5±0.3a 
36 ±10" 
291 ± 26a 
2:98 
3.3±0.1ab 
2.6 ±0 .1" 
19.4 ± 1.2s 
1.0±0.1a 
1.4±0.2a 
46 ± 13ab 
329 ± 67a 
0:100 
3.4±0.1a 
2.7±0.1a 
20.4 ± 0.6a 
0.9±0.1ab 
1.6±0.2a 
33 + 6" 
292±31a 
Values shown as mean ± SD. Data denoted by different letters indicate significant differences (p<0.05) 
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Chapter 2: The Effects of Passage Number, 
Cryopreservation, and Redifferentiation on Self-
Assembled Leporine Meniscus Cells and Articular 
Chondrocytes 
Daniel J. Huey and Kyriacos A. Athanasiou 
Chapter submitted as: Huey DJ and Athanasiou KA. The effects of passage 
number, cryopreservation, and redifferentiation on self-assembled leporine 
meniscus cells and articular chondrocytes. Submitted to Biotechnology and 
Bioengineering. 
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Abstract 
The articular cartilage and meniscus of the knee joint lack intrinsic repair capacity 
and thus injuries to these tissues result in osteoarthritic changes to the joint. 
Tissue engineering offers the potential to replace damaged tissue and mitigate 
long-term debilitating changes to the joint. In an attempt to enhance the clinical 
utility of chondrogenically-expanded, adult articular chondrocytes (ACs) and 
meniscus cells (MCs), the effects of passage number, cryopreservation, and 
^differentiation culture prior to construct formation were studied. By increasing 
passage number more cells can be obtained from a tissue biopsy and in this 
study no detrimental effects were observed when employing passage 4 cells. 
Cryopreservation would enable the generation of a cell bank thus reducing lead 
time and enhancing consistency of cell-based therapies. Interestingly, 
cryopreservation was shown to enhance the functional properties of the resultant 
self-assembled constructs. Finally, ^differentiation prior to construct formation 
would enhance the cartilaginous properties of constructs which could increase 
the success of cell based procedures. Aggregate ^differentiation was shown to 
enhance the biochemical and biomechanical properties of self-assembled 
constructs. This work showed that the clinical utility of ACs and MCs could be 
enhanced by increasing passaging number, cryopreserving cells, and applying 
redifferentiation prior to neotissue formation. 
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Introduction 
Due to its complex nature and the large forces that the knee joint is responsible 
for transmitting, injuries to this joint are common in sports, traumatic injuries, or 
due to age-related tissue degeneration. The two major cartilaginous structures of 
this joint, the knee meniscus and articular cartilage, are particularly prone to 
injury because of their role in force distribution and transmission through the joint. 
Due to the lack of blood supply to the inner portion of the meniscus and articular 
cartilage, the likelihood of sufficient intrinsic repair following injury is very low and 
permanent degenerative changes in these structures will occur.54"56 Thus, the 
investigation of tissue engineering treatments aimed at regenerating native 
meniscal and articular cartilage tissues are of great interest. 
Recently, the self-assembly process has been used to form cartilaginous tissues 
that mimic the biochemical and biomechanical properties of both the knee 
meniscus and articular cartilage.3,7'57,58 This process employs a non-adherent, 
agarose well into which cells are seeded. These cells coalesce via N-cadherin 
bonding and produce ECM to form a robust tissue construct.7 As such, the self-
assembly process departs from the traditional tissue engineering paradigm by 
eliminating a scaffolding material. The omission of an exogenous support 
material is advantageous because concerns regarding the toxicity of the support 
material and it degradation products, stress-shielding, and matching degradation 
and tissue in-growth rates are alleviated.3 
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For any scaffold-less tissue engineering technique, the first concern related to 
clinical translatability is the selection of an appropriate cell source. For this 
decision, it is prudent to consider cell-based treatments that the FDA has 
deemed acceptable. In this instance the autologous chondrocyte implantation 
technique, which applies autologous, passaged and, most often, adult 
chondrocytes, is of great interest. In an effort to mimic this cell source while 
enabling future in vivo assessments in a small animal model, passaged, adult, 
leporine meniscus cells (MCs) and articular chondrocytes (ACs) were employed 
in this study. 
Through monolayer expansion, ACs and MCs have been shown to undergo 
dedifferentiation as evidenced by a detrimental phenotypic shift.9,59 Recently, 
researchers have made great strides in overcoming this issue by employing a 
chemically-defined expansion medium and high seeding density.25"30, 57 In 
particular, one study employed adult, rabbit ACs expanded in serum-free 
expansion medium containing insulin, dexamethasone, and basic fibroblastic 
growth factor in combination with a high seeding density.57 The resultant 
expanded ACs were able to form constructs with higher GAG/WW and collagen 
2/collagen 1 ratio than constructs formed with primary ACs.57 The effects of the 
chemical agents present in the above medium formulation have also been shown 
to be beneficial to the maintenance and ^differentiation capacity of MCs.60"63 
Thus, this study employed this chondrogenically tuned expansion protocol to 
both ACs and MCs. 
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In an effort to further enhance the clinical utility of passaged ACs and MCs, three 
factors were tested that would either 1) decrease the lead time required for an 
allogenic cell-based approach, 2) decrease the biopsy size needed to obtain an 
adequate amount of cells for an autologous cell-based treatment, or 3) enhance 
the cartilaginous properties of tissue formed in any cell-based approach. 
Cryopreservation of expanded ACs and MCs would allow for a large bank of 
allogenic cells to be generated, stored, and available for immediate usage. The 
De Novo ET product from ISTO Technologies currently employs an allogenic cell 
source with no reported issues of immune rejection associated with allogenic cell 
usage.64 While the effects of cryopreservation have been studied with primary 
ACs65"68, there are few studies looking at the response of expanded ACs69 and 
none examining the effects of cryopreservation of primary or expanded MCs. It is 
necessary to determine the effects of cryopreservation on expanded cells as 
techniques may need to be adjusted to match the needs of expanded cells. Thus, 
this study examined the effects of cryopreservation of expanded rabbit ACs and 
MCs. . 
The creation of a defect for cell harvest is a necessary part of any autologous 
cell-based approach. In an effort to reduce the size of the required biopsy, cells 
can be expanded to higher passages to obtain a greater number of cells from the 
same size biopsy. A previous report that used the same expansion procedure 
that was employed in this study used passage 3 (P3) cells which yielded a 64-
fold increase in cell number.57 Expansion to passage 4 (P4) would result in 
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approximately a 256-fold increase in cell number. Thus, this study compared the 
usage of P3 and P4 ACs and MCs to determine if P4 cells can generate robust 
constructs. 
Although expanded ACs and MCs redifferentiate in 3D culture, they will 
transiently produce fibrous ECM during the phenotypic shift from fibroblastic to 
cartilaginous.22, 23, 25~27, 31 Previously, self-assembly of expanded cells has 
resulted in the formation of a central region within the construct that is devoid of 
living cells and protein.57,70 This structure is thought to arise due to the inability of 
a subset of the cells to adapt to the non-adherent conditions of self-assembly. A 
^differentiation pre-culture period may be able to simultaneously remove this 
population subset and enhance the cartilaginous quality of constructs formed 
from the resulting cells. In this study two commonly used techniques for 
chondrogenic ^differentiation, aggregate culture71"73 and pellet culture26, 28, 43, 
will be employed and compared to non-redifferentiated cells in terms of their 
ability to form robust constructs lacking an acellular and aproteinaceous central 
region. 
This study will employ a full-factorial design with three factors, cryopreservation, 
passage number, and redifferentiation culture. Two levels of the cryopreservation 
factor will be studied, immediately use after expansion or cryopreserved for 1 
month. Two levels of the passage number factor will be examined, P3 or P4. 
Three levels of the redifferentiation factor will be studied, no redifferentiation, 1 
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wk aggregate culture, or 1 wk pellet culture. Constructs formed with either 
primary MCs or ACs served as controls. An overview of the study is shown in 
Figure 6. The three hypotheses that will be investigated in this study follow: 1) 
Cryopreservation of expanded ACs and MCs will not significantly alter resulting 
construct properties; 2) P3 and P4 ACs or MCs will create constructs of similar 
biomechanical and biochemical quality as a result of chondrogenically-tuned 
expansion; 3) redifferentiation culture, particularly aggregate culture due to its 
similarity with self-assembly, will be beneficial to the biochemical and 
biomechanical properties of resulting tissue constructs. 
Methods 
Chondrocyte isolation and expansion 
Knee joints of skeletally-mature New Zealand White Rabbits (Heaton Rabbitry) 
were obtained within 8 hrs of sacrifice. Articular cartilage from both tibial and 
femoral surfaces and meniscal fibrocartilage were sterilely dissected. These 
tissues were minced into ~1 mm pieces and digested in 0.2% collagenase type II 
(Worthington) in chemically defined chondrogenic culture medium (CHG) (DMEM 
with 4.5 g/L-glucose and GlutaMAX (Invitrogen), 100 nM dexamethasone, 1% 
fungizone, 1% penicillin/streptomycin (BD Biosciences), 1% ITS+ premix (BD), 
50 mg/mL ascorbate-2-phosphate, 40 mg/mL L-proline, and 100 mg/mL sodium 
pyruvate (Fisher Scientific)). Following overnight digestion, cells were isolated via 
sequential centrifugation and PBS dilution and resuspended in freezing media 
(CHG with 20% fetal bovine serum (FBS) (Gemini Bio-Products). Vials containing 
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cells were frozen at a controlled rate to -80°C and then placed into liquid nitrogen 
cryostorage. 
The protocols employed to expand both articular chondrocytes (ACs) and 
meniscus cells (MCs) are based on a previous work.57 Briefly, primary ACs and 
MCs were thawed and expanded on T-225 flasks at an initial density of 2.5 x 104 
cells/cm2 in CHG media supplemented with 5 ng/mL basic fibroblast growth factor 
(bFGF). During the first 24 hrs following a seeding or passaging event it was 
necessary to add 10% FBS to allow adequate cell adhesion. Besides this initial 
24 hr period, all cells were expanded in CHG media with bFGF which was 
changed every other day. Both ACs and MCs were maintained in culture until 4 
days after confluence. Cells were expanded to passage 3 (P3) or passage 4 (P4) 
under these conditions and then either frozen for 4 wks before use or used 
immediately for construct formation with or without ^differentiation. 
AC and MC Redifferentiation 
Two types of cellular redifferentiation were employed: pellet culture or aggregate 
culture. Cells from each of the 8 distinct groups were either subjected to one of 
the two redifferentiation cultures or immediately used for construct formation. 
Aggregate culture involved seeding 700 000 cells/cm2 onto a 2% agarose (Fisher 
Scientific) coated petri dish in CHG with 10 ng/mL transforming growth factor (31 
(TGF-f31) (Peprotech). Pellet culture involved spinning down 250 000 cells in 
each well of a V-bottom 96 well plate and culturing in CHG media with 10 ng/mL 
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TGF-(31. The duration of redifferentiation culture was 1 wk for both of the 
techniques and media was changed every other day. Following redifferentiation 
culture, aggregates and pellets were digested for 1 hr in 0.2% collagenase 
followed by 15 minutes of exposure to trypsin and filtration through a 70 urn 
mesh to obtain a cell solution. 
Construct seeding 
Cells from the 24 distinct groups plus control primary ACs and MCs were used to 
create tissue constructs by placing 2 million cells into a 3 mm diameter agarose 
well. To create agarose wells, 2% molten agarose was placed into a well of a 6-
well plate and a positive die consisting of multiple 3 mm diameter silicone posts 
was plunged into the agarose. After an hour, when the agarose had set, the 
positive die was removed and the agarose block containing multiple 3 mm 
diameter wells was allowed to equilibrate in CHG media for 1 wk prior to 
construct seeding. Media was changed every other day for the duration of the 4 
wk 3D culture period and constructs remained confined in the agarose wells for 
the duration of the study. After 4 wks, constructs were removed from culture to 
perform gross morphological, histological, biochemical, and biomechanical 
assessments. 
Histology 
If available, two entire constructs were used for histological examination but 
when the total number of constructs in a group precluded this, portions of at least 
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two constructs were used. Histological samples were snap-frozen in HistoPrep 
(Fisher Scientific) and sectioned to 14 urn. Safranin-O/fast green staining allowed 
the visualization of glycosaminoglycan (GAG) distribution. Picrosirius red staining 
allowed the visualization of collagen distribution. 
Quantitative Biochemistry 
The wet weight and dry weight (following lyophilization) of biochemical samples 
were determined. Collagen, GAG, DNA, collagen I, and collagen II content was 
quantitatively measured through a variety of assays. First, constructs (n=6) were 
solubilized by a 4 day digestion in a 1.1 mg/mL pepsin (Sigma) solution at 4°C 
and a subsequent 2 day digestion in a 100 ug/mL elastase solution. Following 
digestion, the Blyscan GAG assay (Biocolor), a modified colorometric 
hydroxyproline assay for collagen content,36 the PicoGreen® (Invitrogen) assay 
for DNA content, and enzyme-linked immunosorbent assays (ELISAs) for 
collagens 1 and 2 were performed. For collagen 1 and 2 determination, a 
sandwich ELISA technique was used. For collagen 2, Chondrex antibodies and 
standards were used. For collagen I, US Biological antibodies and Chondrex 
standards were used. DNA content data from the PicoGreen® assay was 
converted to cell number using a conversion factor of 7.7 pg DNA per cell.38 
Unconfined Compression Testing 
Images of cylindrical construct portions designated for compression testing were 
taken to accurately determine the diameter of the test specimen. The unconfined 
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compression test employed for this study has been described in detail 
previously.74 Briefly, test specimens were placed into a PBS bath and 
compressed to 10% and 20% of their initial height using an Instron 5565 and 
each strain increment was held for 10 minutes. In conjunction with a custom 
program, the curve fitting tools on Matlab (Mathworks) were used to determined 
viscoelastic compressive properties (relaxation modulus, instantaneous modulus, 
coefficient of viscosity) as previously described.74 Portions of six constructs from 
each group were assessed for biomechanical properties. 
Tensile Testing 
Tensile samples were cut into a dog-bone shape and photographed to ensure 
the accurate determination of geometric properties. Immediately prior to testing, 
samples were glued onto a strip of paper spanning a precisely measured gap. 
The strip of paper was grasped in the clamps of an Instron 5565 and then the 
strip was cut to allow the load to only act on the sample. Specimens were 
elongated until failure at 1% of the gauge length per second. Geometric, load, 
and elongation data was processed using a custom program to isolate the linear 
region and thus determine the Young's modulus of the material. 
Statistics 
A four factor ANOVA was used to examine the results obtained from biochemical 
and biomechanical testing with n=6. The four factors and corresponding levels 
follow: Cell type (AC, MC), passage number (P3, P4), cryostorage after 
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expansion (yes, no), and redifferentiation before self-assembly (no, pellet, 
aggregate). Tukey's post-hoc test was used, when needed (main effects test: p < 
0.05), to determine significant differences among levels of a factor and among all 
groups (p < 0.05). 
Results 
Gross Morphology 
The group abbreviations used for this study are shown in Table 3. Gross 
morphological images are shown in Figure 7. In addition, mean values for 
geometric properties, wet weight (WW), and percent hydration can be found in 
Table 5 and the statistical effects of the various treatments on these properties 
can be found in Table 4. Upon bisection and histological examination, a majority 
of the constructs exhibited an acellular and aproteinaceous central region 
(AACR). However, in the 4AYA group this structure was not present and in 4MYA 
group the size of the AACR was significantly reduced. The percentage of the 
construct cross section that was occupied by the AACR is shown in Table 5 and 
was shown to decrease with freezing and redifferentiation, shown in Table 4 and 
Figure 8. In constructs that did not undergo a redifferentiation step, the 
substance within the AACR was beige in color, had a paste like texture, and 
upon trypan blue staining, was shown to be heavily populated with dead cells. 
When redifferentiation was applied the AACR was smaller, filled with a clear fluid, 
and very few dead cells were observed after trypan blue staining. AACR 
percentage ranged from 0% (4AYA, 3AYN) to 38.5% (4ANN) for AC constructs 
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and 13.8% (4MYA) to 40.8% (4MNN). Although, constructs were confined in 3 
mm wells the 4ANA and the 4MNA groups reached 3.7 mm in diameter by 
radially deforming the agarose wells, which was the maximum for AC and MC 
constructs, respectively. For AC constructs, height ranged from 1.4 mm (4AYN) 
to 5.5 mm (3ANP) and, for MC constructs, height ranged from 0.5 mm (4MYN) to 
6.1 mm (0M). Constructs hydration varied from 81.1% (4AYA) to 87.7% (3ANP, 
4ANP) for AC constructs and 82.3% (3MYN) to 91.7% (0M) for MC constructs. 
Histological staining for collagen and GAG through picrosirius red and safranin O 
dyes revealed nothing remarkable regarding protein distribution. Differences in 
intensity follow the trends apparent in the quantitative biochemical analysis.. 
Biochemistry 
Results of the biochemical assessments for collagen and GAG normalized to wet 
weight are shown in Figure 9. Results for cell number and collagen 2 normalized 
to collagen 1 are shown in Table 5. The effects of the levels of the various factors 
are shown in Table 4. For AC constructs, collagen per wet weight ranged from 
3.5% (3ANP) to 12.1% (4AYA). For MC constructs, collagen per wet weight 
ranged from 4.9% (4MNP) to 14.6% (3MYA). GAG per wet weight varied from 
1.7% (0A) to 8.3% (4AYA) for AC constructs and 0.3% (0M) to 5.9% (3MYA) for 
MC constructs. Although all constructs were seeded with 2 million cells, final cell 
numbers ranged from 0.5 million (4AYN) to 4 million (4ANP) for AC constructs 
and 0.1 million (4MYN, 4MYA) to 3.6 million (4MNP). Collagen 2 was more 
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abundant than collagen 1 in all constructs as illustrated by the collagen 
2/collagen 1 ratio that ranged from 5.3 (0A) to 12.3 (3ANP) for AC constructs and 
2.0 (0M) to 10.1 (3MNA) for MC constructs. 
Biomechanics 
The compressive relaxation modulus, compressive instantaneous modulus, and 
the tensile Young's modulus were determined and are displayed in Figure 10. 
The effects of the levels of the various factors on these properties are found in 
Table 4. The relaxation modulus varied from 88 kPa (0A) to 358 kPa (4AYA) for 
AC constructs and 37 kPa (0M) to 330 kPa (3MYA) for MC constructs. The 
instantaneous modulus ranged from 649 kPa (3ANN) to 2057 kPa (4AYA) for AC 
constructs and 143 kPa (0M) to 1969 kPa (3MYA) for MC constructs. The tensile 
modulus varied from 164 kPa (0A) to 907 kPa (4AYA) for AC constructs and 106 
kPa (0M) to 1271 kPa (3MYA) for MC constructs. 
Discussion 
For the first time, this study assessed 1) the effects of ^differentiation of 
expanded ACs and MCs prior to construct formation and 2) the effects of 
cryopreservation of expanded ACs and MCs on biochemical and biomechanical 
properties of resulting constructs. While the effects of expansion of ACs and MCs 
are generally known, they have not been studied in the chondrogenic expansion 
protocol employed in this study. The first hypothesis of this study was that use of 
P3 and P4 cells would result in tissue of a similar quality. This hypothesis was 
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proven through analysis of the values obtained from biochemical and 
biomechanical assessments which determined properties were either unchanged 
or significantly increased by employing P4 cells. The next hypothesis was that 
cryopreservation would not detrimentally affect the biochemical or biomechanical 
properties of resulting constructs. This hypothesis was disproven in a 
counterintuitive manner as cryopreservation enhanced collagen/WW, GAG/WW, 
and all biomechanical properties of both AC and MC constructs. The final 
hypothesis regarded the benefits of redifferentiation culture prior to self-assembly 
and was proven in the case of aggregate culture as evidenced by increased 
GAG/WW, collagen 2/collagen 1, and compressive properties. 
Previous studies have identified the detrimental effects of expansion in serum-
containing media for both ACs and MCs.9,59 Contrary to those studies; this study 
indicated that expansion to P4, as compared to P3, was not phenotypically 
disadvantageous. GAG/WW was shown to be increased in P4 ACs and MCs 
over their P3 counterparts, collagen 2/collagen 1 was unaffected in AC 
constructs and the tensile modulus was unaffected in both AC and MC 
constructs. The discrepancies between the results of this study and those 
previously conducted are likely due to the difference in the expansion protocol 
used. Similar to a previous account57, this study showed that chondrogenically-
tuned expansion was responsible for increasing the cartilage-forming capability 
of primary cells. It is hypothesized that the poor performance of the primary cells 
is due to a decrease in SOX-9 expression associated with aging.45,57 Exposure 
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to chondrogenic factors known to enhance SOX-9 expression may account for 
the increase in chondrogenic potential observed with expanded adult cells.26,43,44 
Thus, it is possible that the full benefits of chondrogenically-tuned expansion are 
not realized until higher passages. 
While the effects of cryopreservation on primary ACs have been investigated, 
there is a dearth of studies examining its effects on passaged ACs and MCs. In 
this study, cryopreservation was shown to significantly enhance the biochemical 
and biomechanical properties of both AC and MC constructs. This is an intriguing 
result as cryopreservation had previously been shown to effect viability not 
phenotype.67, 69 Agreeing with previous reports, this study show that cell 
phenotype was unaffected by cryopreservation as evidenced by a significantly 
unchanged collagen 2/collagen 1 ratio. Constructs in which cryopreserved cells 
were employed had decreased hydration and geometric properties which when 
coupled with increases in GAG/WW and collagen/WW suggests that construct 
contractile tendencies were increased. It has been shown that expansion of ACs 
and MCs results in an inhomogeneous cell population. It is possible that a subset 
of this inhomogeneous cell population was not only responsible for the greater 
expansive characteristics of constructs formed from non-cryopreserved cells, but 
was also more sensitive to cryopreservation. Thus, not only does 
cryopreservation allow for reduction of lead time in the generation of cells or 
constructs for clinical use by enabling the creation of a bank of expanded cells 
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but also serves to enhance the final quality of the tissue produced by potentially 
eliminating cells responsible for excessive expansive growth. 
A ^differentiation phase was employed prior to construct formation for two 
different reasons. The first reason was to enhance the cartilaginous qualities of 
constructs by decreasing the transient accumulation of fibrous ECM created 
during 3D culture induced ^differentiation of expanded cells. Expanded ACs and 
MCs have been shown to exhibit a level of plasticity43,75, thus exposure of these 
cells to a 3D environment and TGF-(31 is expected to result in enhanced 
cartilaginous phenotype. The second reason was to reduce the size of the AACR 
by eliminating cells that were not capable of survival in the 3D environment 
presented by the self-assembly process. Pellet culture prior to self-assembly 
resulted in constructs with enhanced cellularity, increased hydration, and 
increased geometric properties as compared to constructs formed following 
aggregate culture. Although pellet ^differentiation resulted in the generation of a 
large amount of tissue, the functional properties were not improved. This could 
be due to the increase in construct hydration and thus decrease in ECM density. 
Aggregate culture was more beneficial than either no-redifferentiation or pellet 
^differentiation in terms of the biochemical and biomechanical properties of AC 
constructs. With regards to MC constructs, aggregate red ifferentiation resulted in 
constructs with significantly improved biochemical and biomechanical properties 
as compared to pellet red ifferentiation. Compared to no-redifferentiation, 
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aggregate redifferentiation significantly enhanced all metrics except collagen/WW 
and the tensile modulus where the effect of either level was equal. The higher 
degree of success associated with aggregate pre-culture may be due to the 
similarities between aggregate formation and self-assembly. Both of these 
processes relied upon the cells binding through N-cadherins to create a 3D 
structure;7,76 therefore, aggregate redifferentiation may have been more efficient 
at eliminating cells that were unlikely to self-assemble. By decreasing hydration, 
increasing or maintaining ECM production, and eliminating cells not capable of 
self-assembly, aggregate pre-culture resulted in the formation of self-assembled 
constructs that possessed a smaller AACR and higher functional properties. 
For both meniscal and articular cartilage, biomechanical functionality is critical for 
the success of a tissue replacement strategy. Of the AC constructs created in 
this study, the treatment combination 4AYA resulted in constructs with the 
highest biomechanical properties. For this group, increases of 200% in the 
instantaneous modulus, 240% in the relaxation modulus, and 240% in the tensile 
modulus were obtained as compared to 3ANN treatment. In addition, the 4AYA 
had significantly higher biochemical and biomechanical properties as compared 
to primary AC construct controls. For MC constructs, 3MYA treatment resulted in 
the highest biomechanical properties with increases of 110% in relaxation 
modulus, 277% in instantaneous modulus, and 95% in tensile modulus as 
compared to 3MNN treatment. All biochemical and biomechanical properties 
were significantly higher for the 3MYA group compared to the primary MC 
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construct control. These results show that with the proper selection of passage 
number, usage of cryopreservation, and application of redifferentiation culture the 
functional properties of constructs formed from chondrogenically-expanded cells 
can be further enhanced over those of primary cell constructs. 
Compared to native articular cartilage the 4AYA treatment produced constructs 
that slightly exceeded native GAG/WW, had half the amount of collagen/WW, 
reached 50% of the relaxation modulus, had a greater instantaneous modulus, 
and were an order of magnitude lower in tensile modulus.48"50 For MC constructs 
compared to native meniscal tissue, GAG/WW was slightly higher, 66% of 
collagen/WW was recapitulated, both relaxation and instantaneous moduli were 
on par, and construct tensile properties were on par with the tensile modulus of 
native tissue in the radial direction but was significantly lower than native tissue 
in the circumferential direction.56, 77, 78 However, it is difficult to compare the 
tensile moduli of either the AC or MC constructs created in this study to native 
tissue because the curved geometry of tensile specimens would have resulted in 
tensile moduli lower than the true value. For both AC and MC constructs, the 
main deficiency is collagen content and tensile properties. Recent attempts 
employing the self-assembly process with other cell types have shown the ability 
to greatly enhance collagen content and tensile properties through the 
application of chondroitinase ABC and TGF-(31.4,79 In the future, the applicability 
of these chemical agents to the constructs formed in by the treatments identified 
in this study should be examined. 
56 
Conclusions 
Overall, this study examined the effects of 1) increasing the passage number of 
ACs and MCs expanded through a chondrogenic protocol, 2) cryopreservation of 
expanded ACs and MCs, and 3) aggregate and pellet redifferentiation culture 
prior to construct formation. Results from the study show that cells can be 
expanded to a higher passage number in order to minimize the defect size for 
cell harvesting and at the same time enhance compressive properties of ACs. 
This study shows that expanded ACs and MCs can be cryopreserved to create a 
large stock of cells for potential allogenic cell treatments and to enhance the 
functional properties of tissue constructs formed with resultant cells. Finally, this 
study suggests that aggregate culture in TGF-(31 prior to tissue construct 
formation enhances the ability of the ACs and MCs to form biomechanically 
functional tissue. 
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Figure 6. Study overview. 
ACs and MCs were isolated from tissue of the rabbit knee joint. Cells were 
expanded with a chondrogenically-tuned procedure to either passage 3 or 4. 
Passage 3 or 4 cells were either cryopreserved for 1 month or used immediately 
in the one of the three redifferentiation culture modalities. Either immediately 
after expansion or after 1 month of cryostorage, cells were either self-assembled 
without redifferentiation, redifferentiated in aggregate culture for 1 wk then self-
assembled, or redifferentiated in pellet culture for 1 wk and then self-assembled. 
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Figure 7. Gross morphology. 
The top two rows of images are representative constructs from the 12 
experimental groups formed with ACs. The bottom two rows of images are 
representative constructs from the 12 experimental groups formed with MCs. The 
bottom two images are primary cell constructs The small bar is equal to 3mm. 
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3AHN 3AHA 
Figure 8. Acellular and aproteinaceous central region. 
Morphological images taken of bisected constructs illustrate that increasing 
cryopreservation and redifferentiation reduced the size of this feature. For 
morphological images the scale bar indicates 3 mm. Histological images are 
taken at 10X 
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Figure 9. Biochemical properties. 
(A) Collagen per WW. (B) GAG/WW. Separate one-way ANOVAs were 
performed to determine statistical differences among constructs formed with ACs 
or MCs. Significant differences (p<0.05) exist between groups that do not contain 
the same letter. 
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Figure 10. Biomechanical properties. 
(A) Compressive relaxation modulus. (B) Compressive instantaneous modulus. 
(C) Tensile Young's modulus. Separate one-way ANOVAs were performed to 
determine statistical differences among constructs formed with ACs or MCs. 
Significant differences (p<0.05) exist between groups that do not contain the 
same letter. 
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Table 3. Explanation of group naming abbreviations. 
Frozen No 
Passage 3 
Rediff. N 
AC Constructs 3ANN 
MC Constructs 3MNN 
A 
3ANA 
3MNA 
P 
3ANP 
3MNP 
4 
N 
4ANN 
4MNN 
A 
4ANA 
4MNA 
P 
4ANP 
4MNP 
Yes 
3 
N 
3AYN 
3MYN 
A 
3AYA 
3MYA 
P 
3AYP 
3MYP 
4 
N 
4AYN 
4MYN 
A 
4AYA 
4MYA 
P 
4AYP 
4MYP 
0 
N 
OA 
OM 
Table 4. Major effects of the levels of the three factors on morphological, 
biochemical and biomechanical properties. 
AC Constructs 
Significance of main effects defined as p < 0.05. Significant differences among factor 
levels were determined by Student t post hoc test and are denoted different levels. For 
comparison, the level leading to the highest mean is denoted with an "A" and 
significantly lower values with "B" and "C", as needed. 
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Abstract 
Acute immune rejection is a major concern for any allogenic or xenogenic graft. 
For in vivo investigations of cartilage tissue engineering strategies, small animal 
models, such as the leporine model, are commonly employed. Interestingly, 
many studies report little to no immune rejection upon allogenic or xenogenic 
implantation of native articular and meniscal cartilages. This study investigated 
whether bovine and leporine articular chondrocytes (ACs) and meniscus cells 
(MCs) display immunoprivileged characteristics in terms of their ability to 
stimulate proliferation of leporine peripheral blood mononuclear cells (PBMCs) in 
vitro. Each cell type was co-cultured with leporine PBMCs for a period of 6 days. 
None of the cell types studied caused a significant proliferative response in the 
leporine PBMCs, indicating that these cells may not elicit an acute immune 
rejection when implanted into the rabbit. Flow cytometry was performed to 
assess the presence of major histocompatibility complex II (MHC II), as this cell 
surface marker is critical for induction of an immune response. Bovine MCs and 
ACs both displayed a weakly positive response for this surface marker (MCs: 
32.51%, ACs: 14.44%). Leporine ACs were also weakly positive for MHC II 
(7.53%), but leporine MCs were negative for MHC II. Although MHC II was 
present, these cells may lack cofactors of the B7 family necessary for T-cell 
activation. These findings indicate that bovine and leporine MCs and ACs share 
a similar immunoprivileged profile, bolstering their use as cell sources for 
cartilage engineering. 
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Introduction 
Due to their lack of vasculature and relative acellularity, articular cartilage lining 
the ends of long bones and the hyaline-like cartilage of the inner meniscus have 
little capacity to self-repair following injury. Though tissue engineering strategies 
are developed to address this problem, they often require the use of large 
numbers of primary cells. Donor site morbidity and the lack of available tissue 
render autologous techniques for cartilage tissue engineering prohibitive, so 
increasing focus has been on the development of allogenic and xenogenic 
approaches. A major concern with any allogenic or xenogenic implant is immune 
rejection, resulting in a breakdown of the implanted material overtime. 
Mounting evidence suggests that cartilaginous tissues are i mmunoprivileged, 
thus causing little to no immune response when implanted. Typically, an immune 
response to implanted tissue is triggered by T cell sensitization, followed by 
activation. Sensitization occurs when antigens presented on donor cells, 
specifically major histocompatibility complexes (MHCs) I and II, are recognized 
by T-cell receptors (TCRs) CD8 and CD4, respectively. T cells become activated 
when co-stimulatory binding of donor cell B7 antigens (CD80 or CD86) with T cell 
receptor CD28 happens simultaneously, causing proliferation of the T cell and 
initiation of an immune response to destroy the foreign material.80"82 Therefore, 
the presence of MHCs and B7 antigens on donor cells, and the ability of those 
cells to induce allogenic or xenogenic T cell proliferation are key factors in 
determining their immunogenicity in a specific host. 
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While the precise reasons for its immunoprivileged nature are not well 
understood, both cartilage cells and extracellular matrix (ECM) seem to play a 
role in inhibiting an immune reaction. Flow cytometry analysis of human and 
sheep articular chondrocytes has shown that these cells present MHC class I 
antigens but not MHC class II, CD80, or CD86. In addition to lacking some key 
immunogenic surface markers, these cells have proved unable to promote 
allogenic T cell proliferation in vitro.83'85 Moreover, studies testing allogenic 
(human and leporine) and xenogenic (porcine to leporine and leporine to caprine) 
implantation of articular chondrocytes agree with these in vitro experiments, 
reporting that they produce little to no immune response.86"90 A comparison of 
literature results suggests that the degree of immune reaction to implanted 
cartilage material is inversely related to the amount of ECM it contains. This 
indicates that along with lacking critical surface markers involved with the 
induction of an immune response, cartilage ECM may shield immunogenic 
markers on chondrocytes from host T cells, and enhance the reparative capacity 
of these therapies.90 
Though little investigation has been made into the immunogenicity of meniscus 
cells, some evidence suggests that they may share a similar immunoprivileged 
profile as chondrocytes. When used to fill an articular cartilage defect in the 
leporine, both allogenic and xenogenic (bovine) meniscus tissue failed to elicit a 
measureable immune response.89 Given these promising results, it is possible 
that the meniscus may provide an abundant cell source for allogenic and 
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xenogenic tissue engineering strategies that avoids the concern for immune 
rejection. 
A current and promising strategy used in cartilage and meniscus tissue 
engineering is the self-assembly method, where articular chondrocytes are 
seeded alone or in co-cultures with meniscus cells to produce functional articular 
cartilage and fibrocartilage replacements.3, 57, 58, 91, 92 The feasibility of using 
these constructs as allografts or xenografts is unknown. Therefore, this study will 
investigate the immunogenicity of bovine and leporine articular chondrocytes and 
meniscus cells in a rabbit model. Immunogenicity will be determined by the ability 
of cartilaginous cells to induce proliferation of leporine peripheral blood 
mononuclear cells (PBMCs) in a mixed lymphocyte reaction (MLR). In addition 
the presence of MHC II will be assessed via FACS. It is hypothesized that both of 
these cell types will have an immunoprivileged profile, evidenced by their lack of 
ability to induce PBMC proliferation and lack of MHC II. 
Methods 
Isolation of cartilaginous cells 
Both bovine and leporine cells were obtained as previously described.57, 58 
Briefly, cartilage and meniscus tissue was sterilely dissected from the knee joint 
and minced into small pieces. After an 18 hr digestion in 0.2% collagenase 
(Worthington), cells were isolated with sequential centrifugation and rinses with 
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PBS. Cells were then cryopreserved in media containing 20% fetal bovine serum 
(Gemini Bio-Products) and 10% dimethyl sulfoxide (Sigma) until needed. 
Previously, primary bovine ACs and MCs have been used to form self-assembled 
constructs, so no further steps were needed to prepare these cells. However, 
when leporine cells are used to generate self-assembled constructs, they are 
expanded in monolayer culture. The leporine cells used for subsequent MLR 
assessment were expanded to test the immunogenicity of the population of 
leporine cells previously employed for self-assembly. This expansion protocol 
has been described in detail elsewhere.57 Briefly, leporine ACs and MCs were 
separately expanded in a cell culture media consisting of DMEM with 4.5 g/L-
glucose and GlutaMAX (Invitrogen), 100 nM dexamethasone, 1% fungizone, 1% 
penicillin/streptomycin (BD Biosciences), 1% ITS+ premix (BD), 50 mg/mL 
ascorbate-2-phosphate, 40 mg/mL L-proline, 100 mg/mL sodium pyruvate 
(Fisher Scientific), and 5 ng/mL basic fibroblastic growth factor. Cells were 
seeded at a density of 2.5 x 104 cells/cm2 and allowed to grow until 4 days 
passed from when confluence was reached. Expansion proceeded until passage 
3 was reached. 
Mixed Lymphocyte Reaction 
The mixed lymphocyte reaction test was based on a protocol described 
previously.93 To prevent proliferation, bovine and leporine ACs and MCs were 
treated with 25 ug/mL mitomycin-C (Sigma) for 45 minutes and then mitomycin 
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was removed by 3 media rinses with centrifugation between each. Leporine 
PBMCs (Rockland Immunochemicals) were mixed with the each of the 4 
cartilaginous cell types to obtain 2 cell solutions each, that per 100 uL contained: 
1) 103 cartilaginous cells + 105 PBMCs and 2) 104 cartilaginous cells + 105 
PBMCs. Into a well on a 96-well plate, 100 uL of the cell solutions were 
dispensed. In addition, control groups (cartilaginous cells at either 103 or 104 cells 
per well) corresponding to each of the MLR groups were seeded. As a positive 
control, concanavalin A (Sigma) was added to 105 PBMCs at a concentration of 
12.5 ug/mL and this mixture was seeded into wells of a 96-well plate. Negative 
controls consisted of 105 PBMCs seeded with or without mitomycin pre-
treatment. In all this generated 8 groups of MLR assays, 8 control groups without 
PBMCs corresponding to the MLR groups, a positive PBMC control (with 
concanavalin), 2 negative PBMC controls (cells only and cells with mitomycin 
pretreatment). For each of the 19 groups, 5 replicates were employed. 
Following a 6 day culture, plates were centrifuged to pellet all non-adherent cells 
and trypsin-EDTA (Invitrogen) was applied for 15 minutes to ensure all adherent 
cells entered into solution. After removal of trypsin via centrifugation and rinsing, 
plates containing the cell solution were subjected to 3 freeze-thaw cycles to 
ensure cell lysis. Aliquots from each well were tested in triplicate for DNA content 
using the PicoGreen® dsDNA reagent (Invitrogen) and dsDNA controls. The 
amount of DNA was converted to cell number using a conversion factor of 7.8 pg 
DNA/cell. 
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Flow Cytometry 
Bovine ACs and MCs, leporine passage 3 ACs and MCs, and bovine and 
leporine PBMCs (positive controls) were analyzed using flow cytometry to 
determine the presence of immunogenic antigen MHC II. Cells were first blocked 
with 5% goat serum in PBS for 30 minutes, then incubated with mouse an anti-
MHC II primary antibody (VMRD) or mouse anti-lgG2a isotype control 
(Invitrogen) for 30 minutes and were washed with 1% BSA (Sigma) and 0.1% 
sodium azide (Sigma) in PBS. The cells were then stained with GtxMs IgG 
phycoerythrin-conjugated secondary antibody (Abeam) for 20 minutes, washed, 
and resuspended in 1% paraformaldehyde in PBS [Sigma]. Following incubation 
at 4°C for 24 hours, cells were analyzed for presence of MHC II using a 
FACScan flow cytometer (BD Biosciences). Up to 105 cells were recorded for 
each group and forward scatter (FSC), side scatter (SSC), and fluorescence 
channel 2 (FL2) were recorded using CellQuest software. Cyflogic software was 
used to analyze the generated flow cytometry files. The cell populations of 
interest were identified by gating FSC versus SSC plots, fluorescence histograms 
of the isotype control and MHC II stained cells were created using the cell 
population of interest. Positive staining for each marker was represented as the 
percentage of the curve exceeding the fluorescence value at 95% of the isotype 
control curve. 
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Results 
Mixed Lymphocyte Reaction 
The result of the cell number analysis of the MLR assay is shown in Figure 11. 
Results from the groups containing only 103 or 104 mitomycin-treated 
cartilaginous cells were subtracted from their corresponding group in which 
cartilaginous cells were co-cultured with PBMCs. No statistically significant 
differences (p < 0.05) were observed between the MLR groups and the PBMC-
only control. A significant increase in cell number was noted when the 
concanavalin-treated PBMCs were compared to the PBMC-only controls. A small 
amount of base-line proliferation is observed when comparing mitomycin-treated 
PBMCs to PBMC-only controls. 
Flow cytometry 
Flow cytometric analysis of MHC II on bovine and leporine MCs and ACs 
revealed that this marker is present on all cells studied except for leporine MCs. 
As seen in Figure 12, both types of bovine cells stained positively for MHC II. 
Bovine articular chondrocytes were 14.44% MHC II positive. Bovine MCs, when 
stained for MHC II, displayed a bimodal distribution of fluorescence. These cells 
displayed slightly higher expression for MHC II (32.51%), than bovine ACs. For 
leporine cells (Figure 12), ACs showed some positive staining for MHC II 
(7.53%), while leporine MCs showed no positive staining for MHC II. All leporine 
fluorescence histograms were normally distributed, and no bimodal phenomena 
were observed. 
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Statistics 
Following subtraction of control group cellularity from their corresponding MLR 
assay group, the number of PBMCs in each group was compared to the number 
of cells in PBMC only group with a t-Test. Significant differences were defined as 
p<0.05. 
Discussion 
Assessment of the potential for immune response is a critical step in selecting a 
cell source for tissue engineering. While allogenic sources have been commonly 
applied for/'n vivo studies of cartilaginous tissue replacement, the usage of 
xenogenic sources has been minimal.86"90, 94 However, these studies have 
illustrated that xenogenic cell sources may be applicable to cartilage and 
meniscal tissue engineering due to the immunoprivileged nature of these cells.86" 
90,94
 The potential for xenogenic cell sources for tissue engineering, particularly 
self-assembly, is exciting due to the high functional properties obtained in tissue 
created by the bovine cells in the self-assembly process. The major hypothesis of 
this study is that neither leporine nor bovine ACs or MCs will induce an in vitro 
immune response in leporine PBMCs was proven. This suggests shows that the 
functionality of bovine cell-based constructs can be assessed in a leporine in vivo 
model. 
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Agreeing with previous results assessing the immune reaction following allogenic 
or xenogenic implantation of articular or meniscal cartilage, none of the 
cartilaginous cells in this study induced proliferation of PBMCs. While previous 
studies have linked this lack of proliferative response to the absence of cell 
surface makers required for an immune response, including MHC II, this study 
confirmed the presence of MHC II on all cell types except leporine MCs.83"85 This 
suggests that either 1) these cells are unable to induce an immune response due 
to lack of B7 family cofactors required to activate T-cells or 2) a factor produced 
by the cartilaginous cells is actively quenching immune response. In regards to 
the presence of B7 cofactors, previous studies have indicated their absence on 
other cartilaginous cells.83,84 In the future, the presence of these cofactors should 
be assessed on the cells employed in this study. Also, via transwell segregation 
of chondrocytes and activated T-cells, it has been shown that chondrocytes 
produce a factor that actively inhibits immune response.94 Thus, it is possible that 
the lack of PBMC proliferation due to co-culture with leporine and bovine ACs 
and MCs can be explained by absence of B7 cofactors or by the production of an 
immune response inhibitor. 
Flow cytometry of bovine and leporine ACs and MCs showed that, with the 
exception of leporine MCs, these cell types do express the immunogenic marker 
MHC II. Interestingly, flow cytometric analysis of II in bovine MCs revealed a 
bimodal distribution in the cells, in which one population was nearly all positive 
for the specific marker, and the other was similar to the isotype control (Figure 
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12). As the meniscus is comprised of a heterogeneous cell population, with the 
inner one third containing chondrocyte-like cells and the outer two thirds 
containing fibroblast-like cells, this bimodal distribution in MHC II expression 
might indicate that one of these cell populations is responsible for most of the 
MHC expression. Thus, identification of a meniscus cell population with little to 
no expression of MHC II may be possible. 
Of the leporine cells studied, only the AC population displayed positive staining 
for MHC II. Leporine MCs, however, did not stain positively for MHC II or show a 
bimodal distribution as with bovine MCs. The lack of positive staining for these 
markers may indicate that these cells are immunoprivileged, or that the 
immunogenic markers are shielded from recognition by residual pericellular 
matrix. 
Future studies need to examine the expression or presence of the B7 cofactors, 
CD80 and CD86, through FACS or RT-PCR techniques. Although it is expected 
that these markers will not be present, examination of these cofactors should 
proceed because if they are present a thorough investigation into the soluble 
factor produced by cartilaginous cells that inhibits immune response must be 
undertaken. 
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Conclusions 
Overall, this study shows that it is unlikely that the use of tissue engineered 
cartilaginous constructs formed from either leporine or bovine ACs or MCs will 
elicit an immune response when implanted into the leporine knee. This opens the 
door for a plethora of cell types to be evaluated for in vivo assessments in animal 
models. Further, it suggests that xenogenic transplantation into humans could be 
a possibility if the presence of alpha-galactosyl of tissues generated from animal 
cells could be eliminated. 
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Figure 11. Results of mixed lymphocyte reaction assay. 
Following subtraction of the control cartilaginous cell-only group, the average 
number of PBMCs present in each group is compared to the PBMC-only group. 
Signifincant differences are defined as p<0.05 and denoted with an asterisk (*).-
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Figure 12. Flow cytometry for MHC II. 
Histograms of relative cell count versus fluorescence for isotype control and anti-
MHC II leporine and bovine ACs, and MCs. Percentages indicate the number of 
cells with fluorescence values greater than 95% of the isotype control. 
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Abstract 
The ability to replace the knee meniscus requires a material possessing 
adequate geometrical and biomechanical properties. Meniscal tissue engineering 
attempts have been unable to produce tissue with collagen content and 
biomechanical properties, particularly tensile properties, mimicking native 
menisci. In an effort to obtain the geometric properties and the maturational 
growth necessary for the recapitulation of biochemical and, thus, biomechanical 
properties, a scaffoldless cell-based system, the self-assembly process, was 
used in conjunction with the catabolic enzyme C-ABC and TGF-(31. We show that 
combinations of these agents resulted in maturational growth as evidenced by 
synergistic enhancement of the radial tensile modulus by 5-fold and the 
compressive relaxation modulus by 68%, and additive increases of the 
compressive instantaneous modulus by 136% and Col/WW by 196%. This study 
shows for the first time that tissue engineering can produce a biomaterial that is 
on par with the biochemical and biomechanical properties of native menisci. 
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Introduction 
The knee menisci are fibrocartilaginous tissues specialized to protect the 
underlying articular cartilage of the knee joint via load distributive and shock 
absorptive capabilities.95,96 Intrinsic repair capacity is limited to the peripheral 
region of the tissue, and injuries to other portions result in a loss of tissue 
functionality leading to osteoarthritic changes in the underlying articular 
cartilage.54,56,97,98 The prevalent clinical treatment, partial meniscectomy, does 
not prevent the degenerative changes to articular surfaces resulting from non-
physiological loading.95"97 These deleterious changes may be able to be 
mitigated by engineering a mature tissue with tailored geometric and functional 
properties capable of replacing the meniscus. 
The self-assembly process (SAP) has recently emerged as a useful technique for 
tissue engineering.3"5,7'99 In this method of 3D construct formation, cells seeded 
into a non-adherent agarose well are guided by the Differential Adhesion 
Hypothesis to limit their free energy by binding to one another via N-cadherins.7,8 
This novel process is the only scaffoldless method being employed to engineer 
the meniscus and thus avoids issues associated with scaffold usage such as 
toxic degradation products, loss of mechanical properties through degradation, 
and stress shielding. While constructs created with the SAP have compressive 
properties and GAG content that mimic native menisci, the tensile properties and 
collagen content of native tissue have been more difficult to obtain.58,99 Though 
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C-ABC and TGF-J31 have been used to enhance cartilage tensile properties; 
these agents have not been studied in the meniscus.4,5 
The use of C-ABC as a means to enhance construct properties is counterintuitive 
as it is an enzyme that degrades chondroitin and dermatan sulfate GAGs.100,101 
Previous work with chondrocytes in the SAP found that a one-time treatment of 
C-ABC after 2 or 4 wks of culture resulted in a 32% increase in the tensile 
modulus.4 While this study proved the benefits of C-ABC application to self-
assembled constructs, earlier application of C-ABC must be studied as 
constructs formed by the SAP have shown to be the most sensitive to stimulation 
between 1 wk and 2 wks.6,51 
TGF-(31 is a growth factor that has been extensively studied in many culture 
systems due to its ability to increase mechanical properties and production of 
cartilaginous ECM. Application of this growth factor has exhibited the greatest 
capability to enhance both collagen and GAG production and tensile and 
compressive biomechanical properties in both the self-assembly modality5 and 
other culture systems.63, 102-105 A recent study has investigated the temporal 
application of TGF-(31 and noted that non-continuous stimulation can lead to 
improved results as compared continuous stimulation.106 
The purpose of this present study is to examine the full factorial combinations of 
C-ABC (after 2 wk of culture, after 1 wk of culture, none) and TGF-|31 application 
84 
(continuous, intermittent, none). We hypothesize that 1) additive or synergistic 
increases to functional properties will result from combined C-ABC and TGF-(31 
stimulation, 2) early C-ABC treatment will be more beneficial than later treatment 
due to level of construct "naivety," and 3) the results of intermittent TGF-f31 
application will exceed those of continuous application. 
Results and Discussion 
By harnessing the ability of the SAP to create tissue constructs constrained by 
the geometrical properties of the non-adherent well into which cells are seeded, 
anatomically-shaped meniscus constructs can be created. The only tool needed 
to create the agarose SAP wells is a positive die in the shape of the desired 
tissue. The process used to create meniscus-specific SAP wells and constructs 
is shown in Figure 13. Following SAP well formation, 20 million primary bovine 
articular chondrocytes and meniscus cells, combined in a 50:50 ratio, were 
placed into the agarose well. Bovine cells were judiciously chosen for use in this 
study because they have been successful and well-characterized in the SAP;5,7i 
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 reports suggest cartilaginous cells and tissue may have a level of 
immunoprivilege94, 107, and, if immunogenicity exists, decellularization of tissue 
constructs can be used.108 In the 24 hrs following seeding, the cells had 
coalesced into a neotissue. During the 4 wk culture, the constructs were 
subjected to the full-factorial combinations of C-ABC application after 1 wk (C1), 
2 wk (C2), or never (CO) and TGF-(31 application continuously (TC), intermittently 
(Tl), or never. 
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Representative pictures of the constructs after 4 wks culture are shown in Figure 
14. While neotissue size varied among groups, all of the constructs maintained 
the elliptical ring shape and possessed a curved-wedge profile. Due to the 
constructs being removed from the confinement of the agarose well at 1 wk, 
differences in the expansive and contractile growth due to chemical stimulation 
are apparent. TC treatment led to significantly smaller construct dimensions 
(Table 6), wet weight (WW), and hydration than both Tl and TO (Figure 15). C1 
and C2 treatments significantly decreased construct dimensions and WW as 
compared to CO and C1 treatment led to a decrease in hydration compared to 
both CO and C2. The qualitative changes in opacity of the constructs are 
interesting to note as this may be predictive of matrix density. Constructs 
receiving a combination of TGF-(31 and C-ABC appear non-translucent 
particularly compared with COTO. To account for the construct contraction, 
immunohistochemical assessment of a smooth muscle actin (a-SMA) was 
performed. From this staining it was confirmed that TGF-(31 treatment resulted in 
a graded increase in a-SMA content (Figure 16). Confirmed by biochemical 
analysis, following C-ABC treatment GAGs were completely eliminated from 
neotissue (data not shown). Elimination of GAGs resulted in a decrease in 
construct size and WW, not only due to the physical removal of matrix, but also 
because of the decrease in swelling pressure due to the water-attraction 
properties of negatively charged GAGs. While the swelling pressure would be 
expected to increase when GAGs returned to the construct, there appears to 
have been a permanent change in the matrix the resulted in a long-term 
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decrease in WW and hydration. Taken together, these gross morphological 
characteristics and observations show that the application of TGF-(31 and C-ABC 
allow for constructs of the correct size to be generated and may account for the 
level of matrix production or remodeling that resulted in decreases in hydration 
and apparent increases in ECM density. 
Construct biochemical analysis confirmed the observations regarding matrix 
density as both collagen per wet weight (Col/WW) and GAG per wet weight 
(GAG/WW) were significantly increased by the chemical stimulants alone and 
additively or synergistically increased through combinations (Figure 15). Analysis 
of a two-factor ANOVA showed that Col/WW was significantly enhanced 
following either C1 or C2 and TC, compared to their respective no-treatment 
controls. Furthermore, the combined treatment C1TC yielded an additive 
increase in Col/WW, enabling native menisci values of 22% to be reached.56 
Significant increases were also observed for GAG per WW (GAG/WW) with 
either Tl or TC and C1 treatments compared to their respective no-treatments 
controls. Synergistic increases were obtained for GAG/WW with the combined 
C1TI, C1TC, and C2TI treatments. The range of GAG/WW obtained in this study 
(5-10%) slightly exceeds the levels observed for native tissue (3-5%).56 Since 
the high levels of ECM density that were measured in this study suggested that 
the functional properties of the neotissue should be on par with those of native 
tissue, a full spectrum of biomechanical testing ensued. 
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The highly exciting results obtained from the compressive and tensile 
biomechanical assessments of the meniscal neotissue are shown in Figure 17. 
C1TC stimulation resulted in synergistic increases to the radial tensile Young's 
modulus (EYr) (2.1 MPa) and compressive relaxation modulus (ER) (0.32 MPa) 
and are on par with native meniscal tissue, 3 MPa and 0.25 MPa respectively.56, 
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 Also, C1TC treatment led to a compressive instantaneous modulus (E-) of 
2MPa and not only had a significantly higher E~ than all other groups but also 
resulted in an additive increase in this metric. Both C1TC and C2TC treatments 
led to an additive increases in the circumferential tensile modulus (EYc)to obtain 
values of 2.5 MPa and 3.2 MPa, respectively, which are below native values of 
160 MPa.78 However, this reported value for native tissue EYc is obtained from 
samples taken from the outer more fibrous region of the meniscus. Thus, it is 
likely that the EYc of the inner-meniscus, which is the goal of this study, is 
considerably lower. From two-factor ANOVAs, the TC treatment was shown to 
significantly increase all functional properties, C1 increased all properties except 
E», and C2 increased both the EYc and EYr. Via a paired t-test, EYc was shown to 
be significantly greater than EYr suggesting collagen orientation in the 
circumferential direction. This was confirmed by polarized light visualization of 
picrosirius red stained sections (Figure 18). 
Replication of the salient mechanical properties, particularly the tensile modulus, 
of the meniscus is one of the greatest challenges in engineering this complex 
tissue. Thus, this experiment was conducted in an effort to increase these critical 
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mechanical properties by studying the temporal application of TGF-B1 in 
conjunction with C-ABC. To the best of our knowledge this is the first study to 1) 
apply C-ABC to meniscus tissue engineered constructs and 2) to stimulate any 
tissue engineered construct with a combination of TGF-(31 and C-ABC. The 
central hypothesis of this work was that combinations of these two chemical 
stimulants would result in synergistic increases in the functional properties of 
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meniscal constructs. This hypothesis was proven as C1TC treatment 
synergistically enhanced the Eyr by 5-fold and the ER by 68%, and additively 
increased E« by 136% and Col/WW by 196%. Furthermore, this treatment 
improved the biochemical properties through a synergistic increase in GAG/WW 
and an additive increase in Col/WW. 
The secondary hypothesis regarding the efficacy of early C-ABC treatment was 
proven in some metrics via a two-factor ANOVA. Early C-ABC treatment was 
more beneficial then later in terms of GAG/WW and relaxation modulus, 
equivalent to later treatment in Eyr and Col/WW, and worse than later treatment 
in Eyc. However, the benefits of early C-ABC treatment become more 
pronounced when applied with TGF-|31 as seen with the synergistic increase in 
the E» with C1TC or C1TI treatment and the additive increase in Col/WW seen 
with the C1TC treatment. Application of C-ABC did not enhance total collagen or 
GAG normalized to dry weight (DW) (Figure 19), thus increases in Col/WW and 
GAG/WW must be attributed to the decrease in hydration. While rationale for the 
immediate reduction in hydration due to removal of negatively charged GAGs is 
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straightforward, GAGs eventually returned to levels of GAG/DW of untreated 
constructs. This suggests during the time in which constructs were devoid of 
GAGs changes occurred to permanently alter the construct's ability to resist 
hydration. Following removal of GAGs, the remaining neotissue components 
were placed in much closer proximity to one another allowing potential interaction 
to occur that would not occur in untreated constructs due to the steric hindrances 
of GAGs and increased distance to due swelling pressure. C-ABC treatment may 
be able to increase collagen-collagen interactions via crosslinking, but an 
alternate reason for treated constructs' ability to resist hydration may be due to 
enhanced access of ACs and MCs to collagen fibrils. This enhanced access 
would lead to a greater number of cell to collagen bonds and would allow for a 
cell-based stabilization of the condensed collagen network. 
The secondary hypothesis regarding the benefits of intermittent application of 
TGF-(31 was disproven as GAG/WW, Col/WW, EYc, EYr, ER, and E» were shown 
to be significantly higher with continuous TGF-|31 treatment. The reason for the 
enhancement in matrix quality seen with TC treatment is not due to increases in 
total collagen and GAG production, as can be seen in Col/DW and GAG/DW 
values in Figure 19. Instead cell induced contraction via a-SMA was able to lower 
the WW and hydration while the production of these matrix components 
remained unchanged by TGF-(31 application. This led to the higher GAG/WW 
and Col/WW which then led to the enhanced biomechanical properties. In tissue 
engineering attempts in which the contraction is so great that the resulting 
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construct is no longer of clinically applicable dimensions, the presence of a-SMA 
is seen as detrimental. However, in this study the presence of a-SMA is 
beneficial because the contraction creates a more ECM dense construct with 
suitable geometric properties and, equally important, enhanced tensile 
properties. 
Cartilaginous tissue has been shown to have two distinct growth modalities when 
cultured in vitro, appositional, characterized by tissue expansion, and 
maturational, characterized by growth within the tissue.109 Appositional growth 
can occur by both accumulation of water and ECM whereas maturational growth 
involves accumulation of ECM and tissue remodeling and reorganization. 
Maturational growth has been very difficult to obtain in the engineering of 
cartilaginous tissues due to an overproduction of GAG and a collagen network 
that is unable to restrain tissue swelling. It is these two challenges associated 
with appositional growth that result in decreased functional properties and ECM 
quality. This study shows that the application of TGF-f31 and C-ABC can alter the 
growth pattern of meniscal neotissue from appositional to maturational. Both of 
these methods, through different means, were able to enhance the strength of 
the collagen network, as indicated by tensile biomechanics, which enabled the 
constructs to resist the swelling pressure imparted by GAGs. Because C-ABC 
and TGF-(31 are able to enhance construct maturational properties via two 
distinct methods, it is easy to see why combined treatments with C-ABC and 
TGF-(31 were able to result in additive or synergistic increases in tissue 
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maturational growth. With C-ABC treatment, the cells likely had the ability to 
develop more integrin adherence points to the collagen network. Thus, when 
combined with TGF-(31, cell-induced contraction of the matrix, through a-SMA, 
would be more pronounced because the cells would have been bound to a larger 
number of collagen fibrils. Maturational growth due to this combined treatment 
was manifested by the additive decreases in hydration and WW and synergistic 
and additive increases in biomechanical properties and Col/WW seen with C1TC 
and C2TC treatments. 
Conclusions 
Overall, this study showed that maturational growth of meniscal neotissue occurs 
with either TGF-(31 or C-ABC stimulation and synergistic and additive increases 
to maturational properties are achieved with combined treatments. By enabling 
construct maturational growth both biochemical and biomechanical properties 
approaching or meeting native meniscus values were obtained. The generation 
of a high quality meniscal construct without the use of a scaffold is not only 
exciting but highly desirable because concerns with scaffold usage, particularly 
loss of mechanical properties following implantation or cellular infiltration, are 
potentially mitigated. The level of maturational growth obtained in this study, as 
seen by Col/WW and tensile properties, has never been obtained in meniscal 
tissue engineering and will hopefully open the door to eventual in vivo 
applications of this scaffoldless, cell-generated biomaterial. 
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Although the tissue generated in this study is of high quality, the EYc is still 
significantly lower than native tissue. This indicates that even though collagen 
content was appropriate collagen maturation and orientation need to be 
enhanced. Unfortunately, tissue engineers do not yet know how to control the 
process in which collagen fibrils are organized into collagen fibers. Intensive 
studies into this area would not only greatly enhance meniscus tissue 
engineering but all fields that require the tensile strength afforded by collagen 
fibers. However, the issue of collagen orientation could be addressed in two 
ways. Compression of the meniscus constructs with an appropriately-shaped 
platen would result in physiological meniscus loading in which both compression 
and circumferential tension would be applied. This circumferential tensile 
stimulation would likely result in increased collagen orientation and thus, tensile 
properties. Also, the meniscus-specific SAP well has been shown to impart 
collagen orientation and a study with ACs in a cylindrical SAP model has shown 
that optimization of the duration of well confinement can enhance collagen 
orientation.6 Together these studies suggest that confinement time be optimized 
for these constructs as well. Another means by which tensile properties could be 
enhanced is through multiple C-ABC treatments and increased TGF-(31 
application. Studies employing one or the other of these two techniques have 
been performed in the cylindrical SAP model and been found to be beneficial to 
tensile properties.4,5 Despite the one major hurdle, below native-value EYC, this 
study has shown that with the appropriate temporal combination of C-ABC and 
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TGF-P1 maturation growth of meniscal neotissue can be significantly enhanced 
to near native meniscus properties. 
Methods 
Cell Isolation 
Knee joints from 1 wk old calves (Research 87) were obtained and both medial 
and lateral menisci and the femoral articular cartilage were sterilely isolated. 
While keeping meniscal and articular cartilages separate, tissue was diced into 
~1 mm pieces and digested in 0.2% collagenase type II (Worthington) in cell 
culture medium. The medium formulation follows: Dulbecco's modified Eagle's 
medium (DMEM) (Invitrogen), 10% fetal bovine serum (FBS) (Benchmark), 1% 
non-essential amino acids (NEAA) (Invitrogen), 25 ug of l-ascorbic acid (Sigma) 
and 1% penicillin/streptomycin/fungizone (PSF) (Biowhittaker/Cambrex). 
Following an 18 hr digestion, cells were isolated by multiple PBS dilution and 
centrifugation iterations and finally filtration through a 70 urn mesh. Articular 
chondrocytes and meniscus cells were then frozen in the aforementioned culture 
media with an additional 10% FBS and 10% DMSO (Fisher Scientific). Following 
controlled freezing to -80°C, cells were stored in liquid nitrogen until needed. 
Construct Seeding 
Constructs were generated by seeding ACs and MCs into elliptical agarose wells 
replicating the complex geometry of the meniscus. Briefly, positive dies were 
rapid prototyped (ZPrinter) based on images of rabbit menisci. The idealized 
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construct was designed in AutoCAD (AutoDesk) such that if it was dived through 
the minor diameter it would result in the generation of two inner meniscus 
construct. After a latex coating on the positive dies had dried, they were plunged 
into molten 2% agarose (Fisher Scientific) and the agarose was allowed to set. 
Following removal of the positive dies, the agarose wells were placed in 
chondrogenic medium (CHG) and allowed to equilibrate for 1 wk. CHG media 
formulation follows: DMEM with GlutaMAX (Invitrogen), 100 nM dexamethasone, 
1% fungizone, 1% penicillin/streptomycin (BD Biosciences), 1% ITS+ premix 
(BD), 50 mg/mL ascorbate-2-phosphate, 40 mg/mL L-proline, and 100 mg/mL 
sodium pyruvate (Fisher Scientific). ACs and MCs were rapidly thawed, 
combined together in CHG so that 50% ACs and 50% MCs were present and 
200 uL aliquots of 20 million cells total were seeded into the meniscus-shaped 
agarose wells. After 7 days of culture, constructs were removed from the agarose 
wells and placed into wells with a thin agarose coating to present cell migration 
or adhesion to the plastic surface. This was done to ensure constructs did not 
deform due to outgrowing their well and to facilitate C-ABC treatment. 
Construct Chemical Stimulation 
Two chemical stimulants, C-ABC (Sigma) and TGF-(31 (Peprotech), were applied 
at three levels each to meniscus constructs. TGF-(31 at 10 ng/mL was applied 
continuously throughout the entire duration of the 4 wk study (TC), intermittently 
(Tl) (only during the first and third wks of culture), or never (TO). C-ABC was 
applied after 1 wk of culture (C1), after 2 wks of culture (C2), or never (CO). At 1 
95 
and 2 wks, groups of constructs were treated for 4 hrs with 2 U/mL C-ABC in 
CHG with 60mM sodium acetate for C-ABC activation. After treatment, 
constructs were washed five times with CHG. 
Construct Processing 
After 4 wks of culture, constructs were weighed to obtain wet weights, 
photographed to obtain geometric properties, and divided to obtain samples for 
further testing. For compression, ELISA, and biochemical assessments 2 mm 
punches were taken. Samples for circumferential tensile testing were taken from 
one of the long edges of the construct. Samples for radial tensile testing were 
taken from the other long edge in an attempt to minimize any effects of construct 
inhomogeneity. Histology was performed on the remaining pieces of the 
construct with careful attention paid to orientation so that radial and 
circumferential sections could both be obtained. For all tests, except histology, 5 
samples from each experimental group were used. 
Histology 
Radial or circumferential orientation was accordingly noted when samples were 
frozen at -20°C in HistoPrep™ (Fisher Scientific). Samples were cut to 14 urn 
sections, placed onto glass slides, and warmed overnight at 37°C. Slides were 
formalin-fixed, then stained with picrosirius red for collagen and viewed under 
polarized light to visualize collagen fibril orientation. Immunohistochemistry for o> 
SMA was performed by fixing sections in chilled acetone, quenching peroxidase 
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activity, and then using the protocols associated with the Vectastain ABC and 
DAB Substrate kit (Vector Laboratories) in conjunction with a mouse anti-a-SMA 
antibody (Dako). 
Biochemistry 
Portions of constructs designated for biochemical evaluation were weighed, 
lyophilized, and weighed again. At this point, samples were digested in 
phosphate buffer with 5mM EDTA, 5 mM N-acetyl-cysteine, and 125 ug/mL 
papain (Sigma) for 18 hrs at 65°C. Collagen was quantified by a modified 
colorometric hydroxyproline assay.37 GAG was quantified by the Blyscan GAG 
assay kit (Biocolor). DNA was quantified using the PicoGreen® dsDNA reagent 
(Invitrogen) and a conversion factor of 7.7 pg DNA/cell. 
Compression Testing 
Punches taken constructs were photographed to determine the diameter and 
underwent unconfined, stepwise stress relaxation testing on an Instron 5565. 
Samples were compressed to 20% and 30% strain in a PBS bath and the force 
data was recorded. This data was analyzed with the MatLab curve fitting toolbox 
(Math Works) and a custom program to determine the viscoelastic properties 
relaxation modulus (E0), instantaneous modulus (E-), and coefficient of viscosity. 
Tension Testing 
Circumferential and radial tensile samples were cut into a dog bone shape. 
Photographs of tensile specimens were taken from both the top and side views to 
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enable the determination of geometrical properties. Small pieces of paper with a 
gap of consistent length were created to ensure consistence of gauge length. 
Samples were adhered to the strips of paper with cyanoacrylate glue, secured 
into the grips of an Instron 5565, and the paper was cut so that only the 
constructs would be subjected to tension. At this point, the constructs were 
strained at 1% of the gauge length per second until failure. The sample specific 
load, elongation, and geometric data was loaded into Matlab and analyzed with a 
custom program to isolate the linear region of the curve to determine the Young's 
modulus. 
Statistical Analysis 
Each group consisted of n=5 for biochemical, compression, and tensile testing. 
Results of these tests were analyzed with a two-factor ANOVA. The two factors, 
TGF-(31 stimulation and C-ABC stimulation, each had three levels. When the 
main effects test showed significance (p < 0.05), Tukey's post hoc test was 
performed to determine significant differences among the levels of a particular 
factor or among all groups. Also, the interaction term obtained from the two-factor 
ANOVA involving the four groups of interest was used to determine synergy 
between treatments with p < 0.05 defined as significant.110 For comparison of 
circumferential and radial tensile moduli a paired t-test was used to determine if 
the direction of testing significantly (p < 0.05) affected the tensile modulus. 
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Figures 
Analysis of 3D modeled Rapid-prototyped Cells seeded Idealized menisucs 
native menisci in AutoCAD well-maker used into SAP well construst 
Figure 13. Overview of meniscal neotissue creation. 
(Left to right) Images of native menisci abutted at the tibial attachments were 
analyzed to fit an idealized ring ellipse with a curved-wedge profile. The shape 
and dimensions were applied via AutoCAD to create a 3D model of a meniscus-
shaped positive die. The positive die was rapid prototyped and used to make 
meniscus SAP wells. SAP wells were seeded with a cell solution. Following 
culture, the ideal shaped construct is shown on the far right. 
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Figure 14. Gross morphological images of meniscal constructs. 
Clear differences exist among groups in terms of the geometric properties and 
construct opacity. The length of the white scale bar in the lower left corner is 
equal to 5 mm. 
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Figure 15. Construct biochemical properties. 
(A) Construct wet weight (B) Hydration percentage (C) Collagen per wet weight 
(D) GAG per wet weight. All data is presented mean ± s.d. Significant difference 
among levels of the two factors were detected by a two-factor ANOVA and a post 
hoc Student's t-test (p<0.05). These differences are denoted with capital letters 
with the significantly highest level marked with an A and lower groups marked 
with letters in descending alphabetical order. Significant differences in a one-
factor ANOVA were defined as p<0.05 and are denoted with lowercase letters 
also in descending alphabetical order. 
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i . ' . . .. _ . • ' 7 f 
Figure 16. Immunohistochemistry for a smooth muscle actin. 
An increases in stain intensity is noted as the total time of TGF-|31 application 
increased. Constructs in both CO and C2 groups exhibited a similar trend as C1 
images that are shown. Images taken at 5x. 
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Figure 17. Construct biomechanical properties. 
(A) Compressive relaxation modulus (B) Compressive instantaneous modulus 
(C) Circumferential Young's tensile modulus (D) Radial Young's tensile modulus. 
All data is presented mean ± s.d. Significant difference among levels of the two 
factors were detected by a two-factor ANOVA and a post hoc Student's t-test 
(p<0.05). These differences are denoted with capital letters with the significantly 
highest level marked with an A and lower groups marked with letters in 
descending alphabetical order. Significant differences in a one-factor ANOVA 
were defined as p<0.05 and are denoted with lowercase letters also in 
descending alphabetical order. 
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C1T0 C1TI C1TC 
Figure 18. Collagen orientation. 
Picrosirius red histology in both the circumferential and radial directions viewed 
under polarized light. Images are taken such that fiber orientation in the relevant 
direction will be horizontal in all images. Birefringence event frequency and 
intensity are decreased when viewing radial sections as compared to 
circumferential sections. This difference was observed in all groups. Images 
taken at 10x. 
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Figure 19. Additional construct biochemical properties. 
(A) Collagen per dry weight (B) GAG per dry weight. All data is presented mean 
± s.d. Significant difference among levels of the two factors were detected by a 
two-factor ANOVA and a post hoc Student's t-test (p<0.05). These differences 
are denoted with capital letters with the significantly highest level marked with an 
A and lower groups marked with letters in descending alphabetical order. 
Significant differences in a one-factor ANOVA were defined as p<0.05 and are 
denoted with lowercase letters also in descending alphabetical order. 
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Table 6. Geometric properties of meniscal neotissue and the SAP well in which 
they were formed. 
Values shown as mean ± SD. Data denoted by different letters indicate significant differences (p<0.05) 
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Chapter 5: Physiologic Mechanical Stimulation with 
Chemical Stimulation Results in Additive Increases to 
Functional Properties of Anatomic Meniscal Constructs 
Daniel J. Huey and Kyriacos A. Athanasiou 
Chapter submitted as: Huey DJ and Athanasiou KA. Physiologic mechanical 
stimulation with chemical stimulation results in additive increases to functional 
properties of anatomic meniscal constructs. Submitted to Proceedings of the 
National Academy of Sciences USA 
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Abstract 
Background 
The meniscus protects the articulating surfaces of the knee by withstanding 
compressive and tensile forces during normal activity. While mechanical 
stimulation has been hypothesized to aid in the functional properties of tissue 
engineered meniscal constructs, there are no definitive reports proving beneficial 
effects. 
Methodology/Principal Findings 
The objective of this study was to determine the effects of physiologic, 
simultaneous tensile and compressive stimulation on self-assembled, 
anatomically-shaped meniscus constructs. In addition, the effects of combining 
mechanical stimulation during two separate five day periods (days 10-14 or days 
17-21) with a chemical stimulation regimen of a catabolic GAG-depleting enzyme 
(C-ABC) and an anabolic growth factor (TGF-(31) were studied through a full-
factorial experimental design. Mechanical stimulation applied from days 10-14 
resulted in significant increases in compressive properties, tensile properties, and 
biochemical properties of meniscal constructs. When mechanical stimulation was 
combined with chemical stimulation and results were compared to non-stimulated 
constructs, collagen per wet weight increased 4-fold, compressive instantaneous 
modulus increased 3-fold, the compressive relaxation modulus increased 2-fold, 
the circumferential tensile modulus increased 4-fold, and the radial tensile 
modulus increased 6-fold. 
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Conclusions/Significance 
To our knowledge this is the first study to (1) apply simultaneous, physiologic 
compression and tension stimulation, (2) demonstrate enhancement of 
maturational properties through combined mechanical and chemical stimulation, 
and (3) conclusively show the benefits of mechanical stimulation on tissue 
engineered menisci. These results are exciting because application of these 
stimuli generated constructs that meet nearly all of the biochemical and 
biomechanical properties of native meniscal tissue. 
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Introduction 
The knee joint is a complex system of tissues that each lends unique 
contributions to proper joint functionality. The fibrocartilaginous meniscus 
provides the important function of protecting the articular cartilage from receiving 
the full stresses transmitted through the knee joint.95,96 The meniscus is able to 
perform this function due to its unique geometric, biochemical, and 
biomechanical properties.56 The meniscus corrects the incongruity between the 
femur and the tibia thus distributing forces over a larger surface area and, due to 
its shape, is able to convert compressive axial loads to tensile circumferential 
loads which are borne within the tissue.56,111 Due its load bearing nature, the 
meniscus, particularly the inner region, is a commonly injured tissue. Once the 
structure of the tissue is compromised, the lack of vascularity and the inability for 
intrinsic repair of the inner portion of the meniscus ensures a functional healing 
response does not ensue.56, 112 This places the underlying articular cartilage 
under non-physiologic loading causing it to enter an osteoarthritic pathway.95,96 
Thus, it is critical to regain meniscus structure and function following injury. 
Unfortunately, the current standard of treatment for meniscal injuries is partial 
meniscectomy, which relieves the immediate discomfort of meniscal tearing but 
does nothing to prevent the osteoarthritic sequela.113 While acellular 
replacements are currently studied for treatment of inner portion meniscal 
tearing114, the use of a living biological tissue would likely be preferred due to 
concerns of matrix remodeling post implantation and potential enhancement of 
110 
integration. This suggests tissue engineering may be a useful tool in replacement 
of the inner portion of the meniscus. 
Recently, a scaffold-free method of construct formation, the self-assembly, 
process has shown great success at generating cartilaginous tissue.3,7l 58,79, " 
This process allows for the creation of geometrically complex tissue constructs 
by seeding cells into an appropriately shaped, non-adherent agarose well. 
Guided by the Differential Adhesion Hypothesis, the cells attempt to limit their 
free energy by binding to each other via N-cadherin connections.7,8 Constructs 
created using the self-assembly process have been subjected to a myriad of 
stimuli including TGF-01, C-ABC, IGF-1, BMP-2, Ca2+ and Na+ channel 
modulators, hydrostatic pressure, and hypoxia and have shown the ability to 
respond to these chemical and mechanical agents.51"53,79 
In previous studies, the cell types used for the creation of inner portion rabbit 
meniscal constructs were immature, bovine articular chondrocytes and meniscus 
cells.7,51,53,58,79 While it may seem counterintuitive to use bovine cells to create 
replacement tissue for the leporine model, researchers have suggested that 
chondrocytes, meniscus cells, and the matrix generated by these cells are 
immunoprivileged.86,94,107 If future work shows that the immunogenic response is 
significant, decellularization of tissue constructs could be employed.108 Thus, in 
this study rabbit inner portion constructs will be formed with immature, bovine 
articular chondrocyte and meniscus cells. 
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TGF-(31 and C-ABC are two chemical agents applied to enhance biochemical 
and biomechanical properties of tissue engineered constructs with great success. 
A previous study applied C-ABC to chondrocyte self-assembled constructs and 
found that an one-time treatment after 2 or 4 wks of culture yielded a 32% 
increase in the tensile modulus.4 Results of a study that tested a plethora of 
growth factors on self-assembled cartilage showed that TGF-J31 was the only one 
to be beneficial to both compressive and tensile properties.5 Another recent study 
used the self-assembly process to create meniscus-shaped tissue constructs and 
tested the temporally coordinated application of TGF-01 and C-ABC.79 This study 
reported both biochemical and biomechanical properties approaching those of 
native tissue with application of C-ABC after 1 wk of culture and TGF-J31 
continuously throughout the 4 wks of culture.79 Thus, the present study will build 
upon these results by applying the aforementioned temporally coordinated 
chemical stimulation regimen in conjunction with mechanical stimulation. 
Mechanical stimulation has long been hypothesized to be beneficial to meniscal 
tissue engineered constructs; however, this has yet to be conclusively proven 
experimentally. Previous work applying dynamic compression to meniscus cell 
seeded agarose gels observed only slight improvements in proline and sulfate 
incorporation compared to statically compressed controls.115 In the few reports of 
application of dynamic tension, Vanderploeg et al.116 reported no changes to cell 
seeded fibrin constructs, Upton et al. 117 identified an increase in proline 
incorporation, and Baker et al.118 noted increases in collagen, GAG, and stiffness 
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with cells from some donors. These studies suggest that both compressive and 
tensile stimulation of meniscal constructs warrant further investigation. 
Due to the dearth of studies investigating mechanical stimulation of meniscal 
constructs it is important to look for examples of beneficial mechanical 
stimulation in other tissues. As the meniscus is a blend of cartilaginous and 
fibrous tissue, examining attempts of compressive stimulation of cartilage 
constructs and tensile stimulation of tendon constructs may be beneficial. 
Compression stimulation has successfully been employed to enhance GAG and 
collagen synthesis and the compressive properties of articular cartilage 
constructs.119"122 These studies employed compression stimulation of 10-15% 
strain applied at 1 Hz as this has been shown to mimic physiological 
conditions.123"125 Furthermore, a study examined the effect of a single session of 
dynamic compression at different time points and determined that earlier 
stimulation resulted in greater increases to collagen and GAG synthesis.122 
Tendon tissue engineering provides examples on the benefits of dynamic tensile 
loading.126 Garvin et al.127 reported a 3 fold increase in ultimate tensile strength 
of tendon constructs exposed to tensile stimulation as compared to unloaded 
controls. These results of successful application of mechanical stimulation to 
other mechanically functional tissues lend further credence to continue 
evaluating compressive and tensile stimulation of meniscal constructs. They also 
provide guidance for the selection of compression parameters for the present 
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study which will apply 10% strain at 1 Hz for 1 hr/day and will compare the 
effects of early stimulation (days 10-14) and later stimulation (days 17-21). 
As meniscal tissue is subjected to both tensile and compressive stimulation it 
would be ideal to apply both of these in concert. The most elegant way to apply 
both of these forces would be to mimic the native meniscus loading condition. 
This requires a construct that not only possesses a curved-wedge profile to 
translate compressive loading to circumferential tensile loading but also a closed 
ring shape that would allow the generation of tensile forces within the constructs. 
Constructs possessing these characteristics have been created with the self-
assembly process58,79 and a previously described direct compression stimulator 
built in our laboratory has been applied to compress both meniscal and articular 
cartilage explants.128 Thus, the present study will use this direct compression 
stimulator with custom fabricated compression platens to match the curvature of 
the meniscal constructs to apply simultaneous compression and circumferential 
tension to the meniscal constructs. 
The purpose of this present study is to examine the full factorial combinations of 
mechanical stimulation (at three levels) and chemical stimulation (at two levels). 
Chemical stimulation is defined as the continuous application of TGF-(31 and the 
one time treatment of C-ABC after 1 wk. Mechanical stimulation is defined as 
concurrent tensile and compressive loading during a 5 day period; and the three 
levels are application from days 10-14, application from days 17-21, or not 
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applied. We hypothesize that 1) additive increases to functional properties will 
result from combined mechanical and chemical stimulation, 2) early mechanical 
stimulation will be more beneficial than later stimulation due to the level of 
construct "naivete," and 3) the application of chemical stimulation will result in 
increases to biochemical and biomechanical properties. 
Results 
Gross Morphology 
All constructs were able to withstand the level of mechanical stimulation without 
tearing or losing critical geometric properties. While axial strain was held 
constant at 10% for all groups, the force required to obtain 10% strain increased 
throughout the 5-day stimulation Geometric properties, wet weight, hydration, 
and gross morphological images after 4 wks of culture are found in Figure 21. Via 
a two-way ANOVA, chemical stimulation was found to significantly decrease all 
geometric properties, wet weight, and hydration. Mechanical stimulation did not 
affect geometric properties, except the major axis diameter, but did significantly 
lower the hydration of the D1 group and the WW of the D2 group. Wet weights 
ranged from 29 to 96 mg and hydration ranged from 72 to 85%. Examination of 
gross morphological images highlights the differences in morphological 
properties but also shows, more apparently in side view images, a difference in 
construct coloration. The darker hue of these constructs is likely indicative of 
enhanced ECM density. 
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Histology and Immunohistochemistry 
Images from the histological assessment for collagen and GAG and the 
immunohistological assessment for collagen I and collagen II are found in Figure 
22. Picrosirius red stain intensity exhibits a stark increase when chemical 
stimulation is applied and a slight increase with application of mechanical 
stimulation. Visualization of picrosirius red stained sections with polarized light 
revealed an increase in birefringence intensity and frequency with 
circumferentially oriented sections as compared to radially oriented. A greater 
amount of birefringence was also noted in chemically stimulated samples. 
Safranin O/fast green stain intensity also increased with chemical stimulation but 
no readily apparent differences were observed due to mechanical stimulation. 
The darker hue of the safranin O/fast green in chemically stimulated constructs 
suggests that safranin O intensity may not change but instead fast green staining 
may have increased due to its collagen binding ability. Collagen I staining 
confirms the presence of this protein along the outside of chemically stimulated 
constructs and throughout the non-chemically treated constructs. Collagen II 
staining reveals consistent intense staining in all groups. 
Biochemistry 
Biochemical tests for collagen and GAG were normalized to both wet and dry 
weights and shown in Figure 23. Other biochemical tests were used to quantify 
the number of cells per constructs and the collagen II to collagen I ratio. Collagen 
per wet weight ranged from 5-28% with a 4-fold additive increase over CNDN 
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associated with CYD1 treatment. A two-way ANOVA showed that chemical 
stimulation and both regimens of mechanical stimulation significantly enhanced 
this metric. These significant differences were maintained in collagen per dry 
weight where a 1.8-fold increase over CNDN resulted from CYD1 treatment. 
GAG per wet weight ranged from 4-5% with a significant increase observed with 
D1 treatment but no change as a result of chemical stimulation. Conversely, 
GAG per dry weight was significantly decreased with chemical stimulation but 
was not affected by mechanical stimulation. The collagen II to collagen I ratio 
showed an abundance of collagen II with values ranging from 8.5 ± 3.7 to 16.3 ± 
5.8 with a significant increase associated with chemical stimulation. Although not 
significant, mechanical stimulation, particularly D1, trended towards increasing 
this metric as well. The number of cells per construct was significantly decreased 
by chemical stimulation and unaffected by mechanical stimulation. Non-
chemically stimulated constructs possessed the same number of cells that had 
been seeded, while chemical stimulation resulted in a 25% decrease in cell 
number. 
Biomechanics 
Results of the compressive and tensile biomechanical assessments are found in 
Figure 24. Two-way ANOVAs showed that both chemical stimulation and D1 
mechanical stimulation enhanced all construct functional properties over their 
corresponding no-treatment control. While D2 mechanical stimulation trended 
towards increasing many of the functional properties, only the radial tensile 
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modulus was significantly enhanced by this treatment. In terms of compressive 
properties at 10%, the relaxation modulus ranged from 71 to 281 kPa with a 2-
fold increase over CNDN obtained by CYD1 treatment. The instantaneous 
modulus ranged from 176 to 872 kPa with a 3-fold increase obtained by CYD1 
treatment. Young's tensile moduli in the circumferential direction ranged from 0.4 
to 2.2 MPa with a 4-fold increase over the CNDN group resulting from CYD1 
treatment. Young's tensile moduli in the radial direction ranged from 0.2 to 1.5 
MPa with a 6-fold increase over CNDN obtained with CYD1 treatment. 
Discussion 
This study significantly advances meniscus tissue engineering by being the first 
to 1) apply in vitro mechanical stimulation to an anatomically-shaped meniscus 
construct, 2) observe functional enhancement of a meniscus construct in 
response to compression stimulation, 3) apply combined tension and 
compression stimulation to any cartilage construct, and 4) apply combined C-
ABC and mechanical stimulation on a cartilaginous construct. The central 
hypothesis of this study was that by combining chemical and mechanical 
stimulation additive increases to construct biochemical and biomechanical 
properties would be obtained. This was proven as seen by the 4-fold increase in 
collagen per wet weight, the 20% increase in GAG per wet weight, the 2-fold 
increase in compressive relaxation modulus, the 3-fold increase in compressive 
instantaneous modulus, the 4-fold increase in circumferential tensile modulus, 
and the 6-fold increase in radial tensile modulus in response to combined 
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chemical and mechanical stimulation. The secondary hypotheses regarding the 
benefits of the chemical stimulation and earlier mechanical stimulation were also 
proven through significant increases in collagen per wet weight, and compressive 
and tensile moduli due to these treatments. Overall, this study shows that 
construct functional properties can be enhanced through either chemical or 
mechanical stimulation and that these increases are additive when these stimuli 
are applied in concert. 
The combined tension and compression mechanical stimulation applied in this 
study promoted enhancement of both the biochemical and biomechanical 
properties of tissue engineered menisci. Compared to non-mechanically 
stimulated controls, mechanical stimulation increased collagen per wet weight 
(up to 80%), GAG per wet weight (up to 14%), relaxation modulus (up to 66%), 
instantaneous modulus (up to 54%), circumferential tensile modulus (up to 65%), 
and radial tensile modulus (up to 200%). 
Previously, researchers have observed increases in biochemical and 
biomechanical properties of cartilage constructs in response to compression 
stimulation119"122, but these increases have never been conclusively reported for 
meniscal constructs. With regards to tensile stimulation of both articular and 
meniscal constructs, no studies have been published that show a clear benefit to 
functional properties. In the mechanical stimulation modality employed in this 
study, compression and tensile stimulation cannot be separated nor can the 
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specific influence by either chondrocytes or meniscus cells. Regardless of this, it 
is apparent that this mode of physiologic-mimicking stimulation is greatly 
beneficial to the functional properties of an anatomically-shaped meniscus 
construct. 
While hydrostatic pressure is able to exert stimulation to tissue via non-
deformational loading, compression and tension stimulation act by deformational 
tissue loading. Tissue deformation is transmitted to an individual cell's plasma 
membrane via integrin connections to matrix components. Mechanosensitive 
stretch-responsive channels allow influxes of ions that can alter the membrane 
potential or trigger phosphorylations and kinase cascades. Kinase cascades in 
particular have been linked to SOX-9 expression, which is critical to the 
chondrocyte phenotype.129 In this study, deformational loading to meniscal 
constructs was applied via simultaneous compression and tension. These 
deformational changes may have resulted in the initiation of 
mechanotransduction pathways that resulted in the observed enhancements in 
biochemical and biomechanical properties. 
The temporal application regimen of the two chemical stimuli applied in this 
study, TGF-J31 and C-ABC, had been shown previously to result in synergistic 
increases to meniscal construct biochemical and biomechanical properties.79 The 
present study confirmed these results by showing that application of these stimuli 
resulted in significant increases in collagen per wet weight (up to 1.6-fold), 
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relaxation modulus (up to 0.7-fold), instantaneous modulus (up to 1.6-fold), 
circumferential tensile modulus (up to 1.8-fold), and radial tensile modulus (up to 
3.7-fold) compared to non-chemically stimulated controls. The reason for these 
significant enhancements in properties is likely due to the alteration of the growth 
pattern of meniscal constructs from appositional to maturational. Maturational 
growth, notoriously difficult to obtain in tissue engineered cartilage, is 
characterized by an increasing concentration of ECM within a construct without 
increasing geometric properties. These growth alterations are manifested in the 
increase in collagen per dry weight, decrease in GAG per dry weight, and 
decrease in hydration observed with chemical stimulation. 
TGF-(31 has been shown to not only increase collagen synthesis but also a-SMA 
expression.79 a-SMA enhances the contractile nature of cartilaginous cells 
allowing concentration of the ECM components within the construct. C-ABC 
eliminates GAGs from the construct and thus the associated swelling due to the 
ability of GAGs to attract water. The reduction of swelling pressure causes the 
collagen matrix to condense onto itself potentially allowing additional cell-cell, 
cell-collagen, and collagen-collagen interactions to occur. Furthermore, by 
eliminating the pre-stress associated with GAGs the effect of the mechanical 
stimulation may be amplified thus resulting in additive increases to biochemical 
and biomechanical properties. Thus, these two stimuli work in concert to 
concentrate ECM within the construct by enhancing the collagen network to 
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resist the swelling pressure caused by the returning GAGs thus ridding it of 
excess hydration and thereby enhancing the functional properties. 
One of the most exciting aspects of the results of this study is the similarities 
between the engineered menisci and native menisci. Although, engineered 
menisci that were exposed to the CYD1 treatment were smaller than the well into 
which they were seeded, their size would still be appropriate for inner-meniscus 
replacement. Also, these constructs were the correct height and possessed the 
curved-wedge profile that is critical for proper load transmission. Collagen per 
wet weight obtained for the CYD1 treatment (28%) is on par with native tissue 
(22%).56 Furthermore, the circumferential collagen orientation in meniscal 
constructs mimics the collagen orientation of native menisci.56 GAG per wet 
weight for this treatment (5%) compares well to native tissue (3-5%).56 The 
compressive relaxation modulus of meniscal constructs at 10% strain (281 kPa) 
exceeds that of native tissue at 12% strain (137 kPa)77 and the instantaneous 
modulus (871 kPa) is on par with native tissue (1130 kPa).77 While tensile 
properties of meniscal constructs in the radial direction (1.5 MPa) approximate 
native tissue (3 MPa)78, tensile properties in the circumferential direction (2.1 
MPa) need to be addressed to match values of native menisci (160 MPa).78 
These favorable comparisons to native tissue are encouraging because 
previously it has been exceedingly challenging to mirror the functional properties 
and collagen content of native menisci. 
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Conclusions 
This study shows for the first time the significant benefits of combining TGF-|31, 
C-ABC, and compression and tension stimulation and in the process it opens 
many new paths of investigation. The main focus of these future studies should 
be the enhancement of the circumferential tensile modulus. Other stimuli 
including hydrostatic pressure, hypoxia, and Ca2+ and Na+ ion flow manipulation 
need to be investigated in combination with the ones described here.51"53 While 
these stimuli have been shown to increase biomechanical properties via 
increases in biochemical properties, a significant focus must be on further 
enhancing matrix organization and collagen maturation. Optimization of the well 
confinement time has been shown to aid in collagen organization.6 This would be 
particularly beneficial to meniscus-shaped constructs because it is believed that 
the passive stresses imparted by the well result in the circumferential 
organization observed here.58, " Most importantly longer duration compression 
and tension stimulation must be performed to provide the hoop strains necessary 
for collagen alignment and potentially maturation. This could include investigating 
stimulation for longer than 1 hr per day or increasing the number of total days of 
stimulation. Also, this study did not address optimization of the frequency, strain 
percentage, or strain rate of mechanical stimulation. Future studies should 
address these parameters as well. 
Combined mechanical and chemical stimulation resulted in additive increases in 
biochemical and biomechanical properties suggesting that the mechanisms by 
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which these increases are obtained are distinct. As discussed above 
maturational growth is a major contributing factor to the benefits of the chemical 
stimulation employed in this study. Mechanical stimulation was able to further this 
maturational growth by enhancing matrix content and decreasing hydration while 
not increasing construct size. The result of appropriately timing mechanical 
stimulation to chemical stimulation was the generation of engineered menisci that 
approximated the geometric, biochemical, and biomechanical properties of the 
inner portion of the rabbit meniscus. 
Methods 
Cell Isolation 
Femoral articular cartilage and medial and lateral menisci were sterilely isolated 
from knee joints of 1 wk old calves (Rancho Veal Corp.). Following dicing of the 
tissue into ~1 mm pieces, meniscal and articular cartilages were separately 
digested in 0.2% collagenase type II (Worthington) in cell culture medium. The 
medium formulation follows: Dulbecco's modified Eagle's medium (DMEM) 
(Invitrogen), 10% fetal bovine serum (FBS) (Benchmark), 1% non-essential 
amino acids (NEAA) (Invitrogen), 25 ug of l-ascorbic acid (Sigma) and 1% 
penicillin/streptomycin/fungizone (PSF) (Biowhittaker/Cambrex). After 18 hrs of 
digestion at 37°C only small pieces of tissue remained. Cells were isolated by 
multiple centrifugation and washing steps and filtration through a 70 urn mesh. 
Following centrifugation, freezing media consisting of the media above with an 
additional 10% FBS and 10% DMSO (Fisher Scientific) was prepared and used 
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to freeze articular chondrocytes and meniscus cells. Temperature was controlled 
until -80°C was reached and then cells were placed in liquid nitrogen. 
Construct Seeding 
The process employed for the creation of meniscus shaped self assembled 
constructs has been described previously.58, 79 An overview of the process 
applied to this study is shown in Figure 20. Briefly, images of rabbit menisci were 
examined and the shape and dimensions gleaned from these images were used 
to create a 3D model of an idealized combined lateral and medial, rabbit 
meniscus inner-portion construct in AutoCAD (AutoDesk). Positive dies were 
created on a ZPrinter rapid prototyping machine, coated in latex, allowed to dry, 
sterilized via ethylene oxide, and plunged into 2% molten agarose. After the 
agarose well had set, the positive die was removed which created a negative 
mold of the inner portion meniscal construct at the bottom of the agarose well. 
The wells were placed in chondrogenic medium which was allowed to infiltrate 
the well for 1 wk prior to seeding, chondrogenic media formulation follows: 
DMEM with GlutaMAX (Invitrogen), 100 nM dexamethasone, 1% fungizone, 1% 
penicillin/streptomycin (BD Biosciences), 1% ITS+ premix (BD), 50 mg/mL 
ascorbate-2-phosphate, 40 mg/mL L-proline, and 100 mg/mL sodium pyruvate 
(Fisher Scientific). After the agarose wells were ready articular chondrocyte and 
meniscus cells were thawed, combined in a 50:50 ratio, an 20 million cell aliquots 
were placed into each well. Constructs were removed from the agarose wells 
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after 1 wk of culture to prevent the constructs from outgrowing the well and 
deforming. 
Construct Stimulation 
Two chemical agents, C-ABC (Sigma) and TGF-(31 (Peprotech), were applied 
following the regimen determined previously to synergistically enhance 
constructs properties (denoted as CY) or neither agents were applied (denoted 
as CN).79 Specifically, TGF-|31 at 10 ng/mL was applied continuously throughout 
the entire duration of the 4 wk study and after 1 wk of culture a one-time C-ABC 
treatment was applied for 4 hrs at 2 U/mL After C-ABC treatment, constructs 
were washed five times with media. 
Mechanical stimulation was provided by a custom built stepper motor driven, 
computer controlled direct compression stimulator housed in an incubator that 
was previously described by Aufderheide and Athanasiou128. This apparatus 
incorporates removable loading platens that are connected via slip pins into the 
stimulator. In order to obtain simultaneous compression and tension stimulation, 
platens were fabricated that matched the curved surface and elliptical shape of 
the meniscal constructs. AutoCAD was used to create a 3D model of the platens 
and then this model was used in conjunction with stereolithography (Laser 
Reproductions) to create functional platens. The material chosen to rapid 
prototype the platens was Watershed XC 11122 (DSM Somos) due to its low 
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moisture sensitivity, biocompatibility, and ability to be sterilized via ethylene 
oxide. 
In this study mechanical stimulation was applied at three temporal levels: days 
10-14 (denoted as D1), days 17-21 (denoted as D2) or never (denoted as DN). 
The axial strain percentage and application frequency were 10% and 1 Hz, 
respectively and stimulation was applied for 1 hr per day with 30 cycles of 1 
minute dynamic stimulation and 1 minute of uncompressed rest. On days in 
which constructs were to be stimulated, empty platens were placed in the 
stimulation device for calibration and zero position measurement. Following this, 
constructs were loaded into the bottom platen and the top platen was placed on 
top of temporary spacers in the bottom platen to prevent construct crushing. The 
platens were loaded into the stimulator, temporary spacers were removed, and 
the height of the constructs was determined by moving the top platen downwards 
until a force of 0.2 N was obtained. The height was inputted into the computer 
controlling the stimulator enabling compression at 10% strain and 1 Hz to 
proceed. Following mechanical stimulation, constructs were returned to well 
plates until needed again for mechanical stimulation. 
Construct Processing 
At the end of the 4 wk culture period construct wet weight and gross 
morphological images were obtained. Following this constructs were divided to 
obtain samples for biochemical, biomechanical, and histological assessments. 
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For compression testing, ELISA, and biochemical assessments 2 mm punches 
were taken. Samples for tensile testing were taken from the long edges parallel 
to the major axis and cut into a dog bone shape for testing in either the 
circumferential of radial direction. From the remnants of two constructs from each 
group two portions were taken for histological testing so that both 
circumferentially and radially oriented sections could be taken. For all tests, 
except histology, 5 samples from each experimental group were used. 
Histology 
Orientation in either the circumferential or radial direction was noted when 
samples were snap-frozen at -20°C in HistoPrep™ (Fisher Scientific). Sections 
14 urn thick were placed onto glass slides, and warmed overnight at 37°C. 
Formalin was uses to fix sections before picrosirius red staining for collagen and 
safranin O/fast green for GAG. Picrosirius red stained sections were viewed 
under polarized light to visualize collagen fibril orientation. Immunohistochemistry 
for collagen I and collagen II was performed by section fixation in cold acetone, 
and then using protocols for the Vectastain ABC and DAB Substrate kit (Vector 
Laboratories) in conjunction with a mouse anti-collagen I antibody (Axell) or a 
rabbit anti-collagen II antibody (Cedar Lane Laboratories). 
Biochemistry 
Wet and dry weights of punches of constructs designated for biochemical 
evaluation were taken. Then samples were digested in a 125 ug/mL papain 
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(Sigma) for 18 hrs at 65°C. A modified colorometric hydroxyproline assay was 
used to determine collagen content.37 The Blyscan GAG (Biocolor) assay kit was 
used to quantify GAG. The PicoGreen® dsDNA reagent (Invitrogen) was used to 
quantify DNA amount and a conversion factor of 7.7 pg DNA/cell was used to 
convert to cell number. 
ELISA 
Samples were lyophilized and a solution of 1.1 mg/mL pepsin (Sigma) in 50 mM 
acetic acid was added to each sample. After 5 days of pepsin digestion at 4°C, 
elastase (Sigma) in TBS buffer was added to each sample to obtain a final 
elastase concentration of 100 ug/mL. After 2 days of elastase digestion at 4°C, 
samples were ready to be assessed by ELISA for collagen I and collagen II. For 
collagen II ELISA, Chondrex reagents and protocols were used. For collagen I 
ELISA, a similar protocol was employed with antibodies from US Biological. 
Briefly, these protocols were sandwich ELISAs in which a capture antibody was 
first allowed to adsorb onto an ELISA plate, followed sequentially by BSA for 
blocking, samples and standards, detection antibody, peroxidase linked complex, 
TMB, and HCI. 
Compression Testing 
Construct 2 mm diameter punches were photographed to determine the exact 
diameter and then were used in unconfined, stepwise stress relaxation testing on 
anEnduraTEC ELF 3200 system (BOSE-Electroforce). Samples were 
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compressed to 10% and 20% strain in a PBS bath while the force data was 
recorded. This data was analyzed with a custom program and the MatLab curve 
fitting toolbox (Math Works) to determine the viscoelastic properties relaxation 
modulus (E0), instantaneous modulus (E~), and coefficient of viscosity as 
described previously.74 
Tension Testing 
Digital images of tensile specimens were taken from both the side and top views 
to enable quantification of geometrical properties. Samples were adhered with 
cyanoacrylate glue to the strips of paper cut with a consistent gap to standardize 
gauge length, secured into the grips of an Instron 3340, and the paper was cut so 
that only the constructs would be subjected to tension. The constructs were 
strained at 1 % of the gauge length per second until failure. The test data was 
loaded into Matlab, the linear region of the curve was isolated via a custom 
program, and the Young's modulus was determined. 
Statistical Analysis 
An n=5 was used for biochemical, compression, and tensile testing. A two-factor 
ANOVA was employed to analyze test results. The two factors, chemical 
stimulation and mechanical stimulation, had two and three levels, respectively, 
tukey's post hoc test was performed to determine significant differences (p < 
0.05) among the levels of a particular factor or among all groups when the main 
effects test showed significance (p < 0.05). To determine if synergistic or additive 
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effects resulted from combined chemical and mechanical stimulation, the 
interaction term obtained from the two-factor ANOVA involving the four groups of 
interest was determined with p < 0.05 defined as significant.110 A paired t-test 
was used to determine if tensile testing in the circumferential or radial direction 
significantly (p < 0.05) affected the tensile modulus. 
Figures 
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Analysis of Rapid-prototyped Cells seeded Mechanical and Dual menisucs Cut to form single 
native menisci well-maker used into well chemical stimulation construct menisucs construct 
Figure 20: Study overview. 
(Left to right) Images of native menisci were used to create a 3D model of the 
inner portion of the rabbit menisci. A positive die was rapid prototyped and used 
to make agarose wells. Cells were seeded into the agarose wells and took the 
shape of the inner portion of the rabbit meniscus. Meniscal constructs were 
treated with combined compressive and tensile mechanical stimulation and/or 
combined TGF-01 and C-ABC chemical stimulation. 
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Figure 21. Construct gross morphological images and properties. 
Gross morphological images from both the top and side view illustrate 
differences in construct geometry and opacity. White scale bar in lower right 
corner is equal to 5 mm. Geometric properties, construct wet weight, and 
hydration are shown in tablature form and illustrate the large effect on these 
properties by chemical stimulation. Significant different as determined by a 
tukey's post hoc test are indicated by different letters (a>b>c)(p < 0.05). 
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CNDN CND1 CND2 CYDN CYD1 CYD2 
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Radial 
Figure 22. Histological staining. 
(Row 1) Picrosirius red staining for collagen content. (Row 2) Safranin-O/fast 
green staining for GAG content. (Row 3) Collagen 1 IHC. (Row 4) Collagen 2 
IHC. (Row 5) Polarized light imaging of picrosirius red staining in circumferential 
direction. (Row 6) Polarized light imaging of picrosirius red staining in radial 
direction. Polarized light images are taken such that fiber orientation in the 
relevant direction will be horizontal in all images. The length of the black bar in 
the upper right corner represents 2 mm for all images except polarized light 
which were taken at 5x. 
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Figure 23. Biochemical properties. 
Both collagen per wet weight (A) and collagen per dry weight (C) were 
significantly increased by chemical and mechanical stimulation. GAG per wet 
weight (B) was significantly increased by D1 treatment only while GAG per dry 
weight was decreased by chemical stimulation. All data is presented mean ± s.d. 
Significant difference among levels of the two factors were detected by a two-
factor ANOVA and a post hoc tukey's test (p<0.05). These differences are 
denoted with capital letters with the significantly highest level marked with an A 
and lower groups marked with letters in descending alphabetical order. 
Significant differences in a one-factor ANOVA were defined as p<0.05 and are 
denoted with lowercase letters also in descending alphabetical order. 
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Figure 24. Biomechanical properties. 
All mechanical properties were significantly enhanced by chemical stimulation 
and D1 mechanical stimulation. All data is presented mean ± s.d. Significant 
difference among levels of the two factors were detected by a two-factor ANOVA 
and a post hoc tukey's test (p<0.05). These differences are denoted with capital 
letters with the significantly highest level marked with an A and lower groups 
marked with letters in descending alphabetical order. Significant differences in a 
one-factor ANOVA were defined as p<0.05 and are denoted with lowercase 
letters also in descending alphabetical order. 
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Abstract 
The meniscus is a fibrocartilaginous tissue that is critically important to the 
loading patterns within the knee joint. If the meniscus structure is compromised, 
there is little chance of healing due to limited vascularity in the inner portions of 
the tissue. Several tissue engineering techniques to mimic the complex geometry 
of the meniscus have been employed. Of these, a self-assembly, scaffoldless 
approach employing agarose molds avoids drawbacks associated with scaffold 
use while still allowing formation of robust tissue. In this experiment two factors 
were examined, agarose percentage and mold surface roughness, in an effort to 
consistently obtain constructs with adequate geometric properties. Co-cultures of 
ACs and MCs (50:50 ratio) were cultured in smooth or rough molds composed of 
1% or 2% agarose for 4 wks. Morphological results showed that constructs 
formed in 1% agarose molds, particularly smooth molds, were able to maintain 
their shape over the 4 wk culture period. Significant increases were observed for 
the collagen II to collagen I ratio, total collagen, GAG, and tensile and 
compressive properties in smooth wells. Cell number per construct was higher in 
the rough wells. Overall, it was observed that the topology of an agarose surface 
may be able to affect the phenotypic properties of cells that are on that surface, 
with smooth surfaces supporting a more chondrocytic phenotype. In addition, 
wells made from 1% agarose were able to prevent construct buckling potentially 
due to their higher compliance. 
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Introduction 
The meniscus is a fibrocartilaginous tissue that is situated between the femur 
and tibia within the knee joint. Due to its location, geometry, and composition, the 
meniscus protects the underlying articular cartilage from excessive stresses via 
force distribution and shock absorption.95,98 However, if the meniscus structure is 
compromised, its ability to perform these critical functions is lost.130, 131 
Furthermore, injuries to the inner regions of the meniscus do not heal due to 
limited vascularity in that region. Partial meniscectomy is the most common 
treatment for meniscal tears and can alleviate short term symptoms of pain and 
temporarily restore joint function.132 In the long term, the loss of meniscal 
cartilage leads to degeneration of the underlying articular cartilage and quickens 
the onset of osteoarthritis.133 Thus, tissue engineering may be a viable option to 
repair or replace injured tissue. 
The meniscus contains a heterogeneous cell and ECM population.134 The inner 
region contains chondrocyte-like cells and the ECM is composed of a network of 
collagen II and collagen I fibers in a 3:2 ratio, and the proteoglycan aggrecan. In 
vivo, the inner meniscus is loaded with an axial compressive force. The outer 
region contains fibroblast-like cells with circumferentially oriented collagen I 
fibers. Due to the wedge-shaped profile and attachments of the meniscus, the 
compressive load experienced by the inner meniscus is partially converted into 
circumferential tensile forces in the outer regions. Furthermore, the wedge-
shaped profile o f the meniscus corrects the incongruity between the curved 
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femoral condyles and flat tibial plateau allowing distribution of the compressive 
forces over a larger area of the articular surfaces.135,136 Finite element models 
have shown that geometrical aspects of the meniscus, particularly the radius of 
curvature to match the femoral condyle, are critically important to the ability of the 
meniscus to absorb and distribute loading.137 Thus, for an engineered meniscal 
substitute, recapitulation of geometry and composition will be critical to achieve 
successful tissue replacement. 
Most attempts at creating meniscus-shaped constructs have involved producing 
scaffolds by pouring a liquid polymer solution into a mold and allowing it to set or 
by adding a cross-linking agent.138"140 Other attempts have used solid freeform 
fabrication141 or physical shaping.142 These attempts at shape-mimicking have 
highlighted a number of issues that must be addressed before a meniscus-
specific construct can be realized, including shape retention and obtaining 
adequate biochemical and biomechanical properties. 
Although widely used in tissue engineering studies, scaffold materials can 
present several drawbacks. These include toxicity associated with scaffold 
degradation byproducts, lack of cellular mechanotransduction due to stress 
shielding, and irregular tissue ingrowth to scaffold degradation rates.3 A self-
assembly, scaffoldless approach developed in our laboratory circumvents these 
issues, and allows for the creation of shape-specific geometries. Previous work 
with this approach has shown that meniscus cells (MCs) and articular 
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chondrocytes (ACs) can be co-cultured in ring-shaped molds." However, with 
increasing AC percentage, the constructs expand radially, contact the well edge 
and slide up the smooth wells or buckle in response to the force placed on the 
construct by the agarose well. With increasing MC percentage the constructs 
contract into a torus. Thus, by using various ratios of the two cell types, the 
expansive contribution of ACs and contractile contribution of MCs can be 
modulated to form different shaped constructs. 
Utilizing data from a previous study," and from pilot studies in the laboratory, it 
has been determined that a 50:50 co-culture ratio of ACs and MCs, grown in a 
ring-shaped mold, in the presence of serum most closely resembles the native 
meniscus. However, when switching to a serum-free approach, enhanced 
expansive growth is noted as the constructs expand radially.16 To address this 
issue, the compliance of the agarose well was studied to determine if a well that 
provided less resistance to construct impingement would allow for proper 
construct geometry. To this end, two different agarose percentages (1% and 2%) 
were examined. In addition, topology of the well walls was also altered (rough 
and smooth wells) to examine whether roughness would prevent buckling of the 
constructs by increasing the frictional contact between the radially expanding 
constructs and the well wall. It was hypothesized that 1) buckling would be 
reduced by increased compliance of lower agarose-content (1%) wells; and 2) 
buckling would be reduced by increased frictional contact in wells with rough 
edges. 
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Methods 
Well-maker fabrication 
Pictures of rabbit medial menisci were taken to obtain meniscus geometric 
properties. Using AutoCAD 2007 (Autodesk, San Rafael, CA), information from 
these pictures was used to create an idealized elliptical shape with a curved, 
wedge profile which closely matched the meniscus geometry (Figure 25A). In 
order to obtain two molds with similar geometrical properties but differing in 
surface roughness, two different solid-freeform fabrication machines were 
employed. To create the smooth well-maker (i.e., the negative of the idealized 
meniscus geometry), a ZPrinter 310 (Z Corporation, Burlington, MA) was used. 
This machine employs 3D printing technology to place a drop of binding solution 
into a basin of powder to create a part with a layer thickness of 76 urn. Although 
the layer thickness alone was sufficient to obtain a smooth surface, the well-
maker was dipped in latex solution to ensure smoothness and to prevent agarose 
from infiltrating the porous material (Figure 25B). The rough well-maker was 
created using a Dimension 768 SST (Stratasys, Eden Prarie, MN) which utilized 
fused deposition modeling technology to build the part layer by layer using a thin 
acrylonitrile butadiene styrene (ABS) plastic cord (Figure 25C). This method of 
rapid prototyping imparted an inherent anisotropic roughness to the well-maker 
due to the large layer thickness dictated by the use of a 245 urn diameter ABS 
cord. The average roughness value (Ra) was estimated based on the B46.1-
2002 ASME standard by assuming the surface was a waveform composed of 
semi-circles with no gaps in between. Images of the surface of the well-maker 
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were analyzed using Image J (NIH, Bethesda, MD) to determine the diameter of 
the semi-circular protrusions. The surface roughness, Ra, was measured using 
the following equation. 
1 L 
Ra = -\\Y(x)\dx (1) 
^ o 
Y(x) is the function describing the surface of the well-maker with the horizontal 
axis set midway between the highest and lowest amplitude of the waveform and 
L is the length over which roughness is measured. Roughness was not present in 
the direction corresponding to the long axis of the ABS cord but was present in 
both the horizontal and vertical directions emanating from the center of an 
individual elliptical well-maker post. 
Well fabrication 
Agarose wells ( 1% and 2%) were created by pouring molten agarose into the 
wells of a 24-well plate (BD, Franklin Lakes, NJ). The well-makers were placed 
into the agarose and left until the agarose hardened. The well-makers were then 
removed and the agarose molds were transferred to 12-well plates (BD, Franklin 
Lakes, NJ). Chemically-defined serum-free medium was allowed to infiltrate the 
agarose hydrogel for 4 days in an incubator before seeding. The medium 
consisted of Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L-glucose 
and GlutaMAX (Invitrogen, Carlsbad, CA), 100 nM dexamethasone, 1% 
fungizone (Sigma, St Louis, MO), 1% penicillin/streptomycin (BD Biosciences, 
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Bedford, MA), 1% ITS+ premix, 50 mg/mL ascorbate-2-phosphate, 40 mg/mL L-
proline, and 100 mg/mL sodium pyruvate (Fisher Scientific, Pittsburgh, PA). 
Cell isolation and seeding 
The knee joints of skeletally immature calves (Research 87, Boston, MA) were 
dissected to obtain the medial menisci, and the tibial and femoral articular 
cartilage. In a cell culture hood, the vascular outer third of the meniscus was 
removed and the remainder was diced into small ~1mm pieces. The articular 
cartilage was shaved from the femoral and tibial surfaces. Meniscus and 
articular cartilage fragments were digested separately in a solution of 0.2% 
collagenase II (Worthington, Lakewood, NJ) in serum-free medium. After a 14-18 
hr digestion, MCs and ACs were isolated through sequential dilution of the 
tissue/collagenase solution with phosphate buffered saline (PBS), centrifugation 
of the mixture, and removal of the supernatant. When the cells were sufficiently 
separated from the digested tissue, they were passed through a 70 urn cell 
strainer, counted using a hemocytometer, and frozen at -80°C. The freezing 
medium consisted of the same medium described above in addition to 20% fetal 
bovine serum and 10% dimethyl sulfoxide (Sigma, St. Louis, MO). Two weeks 
after harvest, primary bovine ACs and MCs were thawed and re-suspended in 
serum-free medium. The cells were then combined in a 50:50 ratio and 20 million 
cells were seeded into the meniscus-shaped mold. Culture medium was changed 
every other day for the 4 wk duration of the study. At 4 wks, constructs were 
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removed from the agarose wells and assessed via histological, biochemical, and 
biomechanical tests. 
Histology 
Constructs were cut in half along the major elliptical axis and a cylindrical 2 mm 
section of neo-tissue was taken from each half-ellipse using a 2 mm biopsy 
punch. Care was taken to note the orientation of the sample relative to the overall 
construct. The samples were frozen using HistoPrep (Histo Prep, Fisher 
Scientific, Pittsburgh, PA) and sectioned at 14 ^m. Safranin-0 / fast green was 
used to examine GAG distribution and picrosirius red was used for qualitative 
examination of collagen content. Slides stained with picrosirius red were also 
viewed under polarized light to examine collagen orientation. 
Biochemistry 
Samples were weighed to determine total wet weights and then processed for 
tensile, compressive, and histological tests. The remainder of the construct was 
then reweighed, lyophilized for 48 hrs, and then dry weights were measured. 
Samples were digested in pepsin (10 mg/ml) for 1 day at 4°C followed by 
elastase (1 mg/ml) for 5 days at 4°C. Biochemical assays performed were 
dimethylmethylene blue (DMMB) (sulfated-GAGs), hydroxyproline (collagen), 
PicoGreen (cell number), and ELISA (collagen I and collagen II). The DMMB 
assay for sulfated GAGs was completed using a commercially available Blyscan 
GAG Assay Kit (Biocolor, Newtownabbey, Northern Ireland). A modified 
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hydroxyproline assay was used to determine total collagen in each construct143. 
Each sample was hydrolyzed in 4 M NaOH at 121°C for 1 hr. The samples were 
then neutralized and placed in buffer. The collagen content was then determined 
by combining the samples with dimethyl aminobenzaldehyde and chloramine T 
allowing for a colorimetric comparison. The PicoGreen assay (Molecular Probes, 
Eugene, OR) was used to determine the DNA content of scaffoldless constructs. 
Collagen II and collagen I amounts were quantified using ELISA protocols 
described previously.16 Briefly, for collagen II, Chondrex reagents and protocols 
were employed (Chondrex, Redmond, WA). For collagen I, a similar protocol was 
employed with antibodies from US Biological. 
Uniaxial tension 
Tensile tests were performed using an Instron 5565 with a 50 N load cell. To 
ensure testability, samples were taken from the longer axis of the ellipse and 
carved into a dog-bone shape. The ends were fixed to paper tabs using 
cyanoacrylate glue. A 0.05 N tare load was applied and the constructs were 
pulled to failure at a strain rate that was equivalent to 1% of the gauge length. 
Stress-strain curves were created from the load-displacement curves and the 
cross-sectional area of the samples; tensile stiffness and ultimate tensile strength 
were calculated from the linear region of each stress-strain curve. Construct 
thickness was measured using digital calipers. 
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Creep indentation 
Disc-shaped constructs, obtained using a 2 mm biopsy punch, were evaluated 
with an indentation apparatus. The specimens were loaded with a tare mass of 
0.4 g (0.004 N), using a 0.5 mm-diameter rigid, flat-ended, porous indenter tip. 
When tare equilibrium was reached, a step mass of 2.3 g (0.02 N) was applied. 
Displacement of the sample surface was measured until equilibrium was 
reached. At that time, the step load was removed, and the displacement 
recorded until equilibrium was again reached. The aggregate modulus, Poisson's 
ratio and permeability of the samples was th en de termined using the linear 
biphasic theory. 
Statistical analyses 
Biochemical and biomechanical assessments were performed on all constructs 
(n = 6). A single factor ANOVA was used to analyze the samples, and a Tukey's 
post hoc test was used when warranted. Significance was defined as p < 0.05. 
Univariate regression analysis was also conducted to determine whether the 
biochemical properties correlated with the biomechanical properties. 
Results 
Well-maker roughness 
The average roughness value (Ra) was estimated by assuming the surface was 
entirely composed of semi-circles. Image J (NIH, Bethesda, MD) was used to 
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estimate the diameter of these semi-circles (~281 urn). Using equation 1, the 
average roughness (Ra) of the rough well-maker was calculated to be 44.7 ± 4.0 
um. 
Gross morphology 
Within 48 hrs of seeding, the cells coalesced into an elliptical shaped construct 
that grew in size over the 4 wk culture period (Figure 26). At t = 4 wks, the 
constructs cultured in the smooth agarose wells were extracted with a spatula by 
maneuvering the construct up the central post. Constructs cultured in the rough 
agarose wells were more difficult to extract and had pieces of agarose adhered 
to the construct. The adhered agarose was carefully removed using a spatula 
prior to histological and biochemical examination. Although translucent cartilage-
like tissue was present in all groups, stark differences were observed in the 
morphology of the constructs in each group. Constructs cultured in the smooth 
wells exhibited a smooth surface topology while those cultured in rough wells 
exhibited an uneven topology. In addition, buckling was observed in constructs 
cultured in 2% agarose wells but was absent in constructs cultured in 1% 
agarose wells. Each elliptical construct was divided down the major axis to yield 
two meniscus-shaped-constructs. No significant differences were observed 
among groups in height (p = 0.70) and thickness (p = 0.38) of the meniscus-
shaped constructs (Table 7). 
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Histology 
Uniform collagen and GAG staining was observed in all constructs (Figure 26). 
Polarized light micrographs showed presence of collagen alignment in the 
circumferential direction and the alignment was most prominent in constructs 
cultured in smooth wells with 1% agarose (Figure 26). 
Biochemistry 
At t = 4 wks, wet weights of the meniscus-shaped constructs were significantly 
different among groups (p = 0.0004) and ranged from 38.8 ± 3.3 mg ( 1 % agarose 
rough) to 32.7 + 1.8 mg (1% agarose smooth) (Table 7). Cell number/construct 
increased significantly (p = 0.02) from 21.8 ± 2.1 million cells/construct in the 1% 
smooth agarose group to 25.2 ± 1.9 million cells/construct in the rough 1% 
agarose group (Figure 27A). Values for the total collagen, GAG, collagen I, and 
collagen II per construct are shown in Table 7. Significant differences were 
observed among groups for total collagen per WW (p = 0.0008) (Figure 27B), 
GAG per WW (p = 0.0003) (Figure 27C) and collagen II to collagen I levels in the 
constructs (p < 0.0001) (Figure 27D). Specifically, collagen content per WW 
ranged from 8.9 ± 1.9% in the rough 1% agarose group to 12.9 ± 1.7% in the 
smooth 1% agarose group, while GAG content per WW ranged from 3.4 ± 0.9% 
in the rough 1% agarose group to 6.4 ± 0.7% in the smooth 2% agarose group. 
Collagen II to collagen I ratios in the constructs were highest in cells cultured in 
smooth wells with values ranging from 9.8 ± 2.3 in the rough 1% agarose group 
to 27.4 ± 5.3 in the smooth 1% agarose group. 
149 
Biomechanics 
Samples were tested under tension with significant differences observed among 
groups for the tensile modulus (p = 0.008) and the UTS (p = 0.03) (Figure 28A). 
Specifically, samples cultured in the smooth 1% agarose wells exhibited the 
highest tensile modulus (1018 ± 259 kPa) and the highest UTS (252 ± 53 kPa). 
These values were approximately one and half times (tensile modulus: 534 ± 201 
kPa, UTS: 151 ±66 kPa) those of constructs cultured in the rough 1% agarose 
wells. 
Meniscus-shaped constructs were evaluated under conditions of creep 
indentation with significant differences observed among groups for the aggregate 
modulus (p = 0.002) (Figure 28B). The highest aggregate modulus was found in 
constructs cultured in the smooth 2% agarose wells (116 ± 38 kPa), 
approximately two and a half times the aggregate modulus of constructs cultured 
in rough 2% agarose wells (45 ± 12 kPa). No significant differences were 
observed among groups for the permeability (p = 0.46) and the Poisson's ratio (p 
= 0.91). The values for permeability for the 1% agarose (smooth and rough), and 
the 2% agarose (smooth and rough) were 4.5 ± 3.2 (x 10"15) m4 / N-s, 7.1 ±5.1 (x 
10'15) m4 / N-s, 4.5 ± 1.6 (x 10'15) m4 / N-s, and 6.7 ± 3.0 (x 10"15) m4 / N-s, 
respectively. The values for the Poisson's ratio for the 1% agarose (smooth and 
rough), and the 2% agarose (smooth and rough) were 0.2 ± 0.1, 0.2 ± 0.1, 0.2 ± 
0.1 and 0.2 ± 0.2, respectively. 
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Correlation between biochemical and biomechanical data 
Compressive and tensile moduli obtained from the biomechanical data were 
correlated to the total GAG and collagen content in the constructs. Univariate 
regression analysis showed a significant correlation between tensile modulus 
and collagen/construct (r2 = 0.44, p = 0.0007) but not for GAG/construct (r2 = 
0.0001, p = 0.95). Significant correlations were also observed between aggregate 
modulus and GAG/construct (r2 = 0.45, p = 0.0004) but not for collagen/construct 
(r2 = 0.005, p = 0.74). 
Discussion 
The results presented here demonstrate that agarose percentage and 
topography of the mold can significantly influence the final shape of meniscus 
constructs cultured using a 50:50 ratio of primary bovine MCs and ACs. 
Specifically, it was found that constructs cultured in 1% agarose wells retained 
the shape of the original meniscus mold and did not buckle as a result of growth 
in the radial direction, unlike what was observed with constructs cultured in 2% 
agarose wells. Interestingly, the biochemical and biomechanical properties of the 
resulting constructs were also significantly altered. The highest tensile properties 
and total collagen were observed in the smooth 1% agarose wells, while the 
highest compressive modulus and total GAG were observed in the smooth 2% 
agarose wells. Further, collagen II production relative to collagen I production 
was significantly enhanced in groups cultured in smooth wells. 
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In this experiment, an elliptical shaped mold was designed that would closely 
mimic the curved wedge-shaped cross section of the meniscus. The curved 
shaped profile facilitates the translation of axial compressive forces in the inner 
regions to circumferential hoop stresses in the outer regions of the meniscus. 
This provides the meniscus with its shock absorption and load transfer 
capabilities. In addition, the wedge-shaped profile of the meniscus maintains 
knee stability by preventing the rounded surface of femur from sliding off the flat 
surface of the tibia. In a previous experiment examining various co-culture ratios 
of ACs and MCs seeded in circular ring-shaped molds, we observed that the 
50:50 co-culture ratio resulted in a construct approaching the geometry of the 
native meniscus." To more accurately depict the overall geometry of the 
meniscus, the mold design was optimized from a ring to an ellipse and the 
bottom of the mold was fashioned with a changing concave slope to mimic the 
variation in cross-sectional area of the meniscus. These modifications resulted in 
constructs more closely mimicking native tissue, especially those cultured in 
smooth 1% agarose wells. 
Two different agarose percentages (1% and 2%) were examined in this 
experiment to determine their effect on construct geometry during the culturing 
phase. In previous work, meniscus constructs grown in a ring-shaped mold 
expanded radially and buckled as they reached the confining walls of 2% 
agarose wells. Compared to 1% agarose wells, the 2% agarose wells exhibit 
lower compliance and exert greater inward forces onto the constructs as they 
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expand. Mechanical properties of agarose gels have been shown to be 
concentration dependent with an equilibrium aggregate modulus of 5 kPa for 1% 
w/v agarose gels and approximately 20 kPa for 2% w/v agarose gels 144. We 
hypothesized that buckling may be reduced by utilizing a lower percentage 
agarose well with increased compliance. This was confirmed by our results 
where constructs cultured in 1% agarose wells formed meniscus-shaped 
constructs with no buckling, while constructs cultured in 2% agarose wells 
buckled. 
In addition to agarose percentage, the effect of well topography was also 
examined on the final geometrical shape of the meniscus construct. Studies have 
shown that cells are sensitive to the surface texture of the material and can alter 
their attachment, phenotype and matrix deposition patterns on different 
topographies.145"147 For instance, microgrooves on a surface have been shown to 
alter morphology of osteoblasts and influence matrix deposition.148 In this 
experiment, constructs in smooth agarose wells were easily removed using a 
spatula at 4 wks. Interestingly, constructs cultured on rough surfaces exhibited 
resistance upon removal and appeared attached to the bottom of the agarose 
wells. Surface roughness may have provided the means for interdigitation of the 
construct into the biomaterial. We hypothesize that portions of the developing 
matrix were anchored into the microgrooves of the molds. As the construct 
expanded to the well edge, buckling was prevented due to construct anchorage 
to the well bottom. However, reactionary tensile forces on the constructs, as a 
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result of non-homogeneous interdigitation with agarose, led to overall uneven 
construct topology and impeded construct extraction from the well. Thus, 
although the original hypothesis that rough surfaces would eliminate buckling due 
to increased frictional contact was proven, the geometry of the final construct did 
not mimic the meniscus due to its high degree of unevenness. 
An interesting result of this study was that cell number was significantly higher in 
constructs cultured on rough surfaces. One potential reason for this may be 
dedifferentiation and subsequent proliferation of primary ACs and MCs as a 
result of tensile forces exerted due to interdigitation of the construct with the 
agarose mold. The ECM is capable of transducing external mechanical stimuli 
into changes in cell function through mechanotransduction. At the cellular level, 
mechanical forces can stretch protein-cell surface integrin binding sites, deform 
gap junctions containing calcium sensitive stretch receptors, alter ion channel 
permeability, and lead to activation of anabolic or catabolic factors.149,150 These 
cellular changes can trigger intracellular pathways that can influence cell division 
as well as the regulation of genes that synthesize ECM molecules.149 In this 
experiment, tensile forces appeared to dedifferentiate MCs and ACs cultured in 
rough wells towards a fibroblastic lineage, a phenomenon that has been 
observed previously with mesenchymal stem cells.151 Increases were observed 
in collagen I relative to collagen II production and decreases were observed in 
GAG production in rough wells when compared to ECM produced in smooth 
wells. It has been previously shown with TMJ disc fibrochondrocytes that 
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dedifferentiation of cells can also lead to enhanced cell division and proliferation. 
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 Thus, cell dedifferentiation due to the external mechanical stimulus likely 
contributed to increased cell number and decreased cartilaginous matrix 
production in constructs cultured on rough surfaces. 
This experiment utilized a co-culture of primary bovine MCs and ACs. Through 
this approach, large quantities of collagen II and GAG were obtained, both of 
which are important ECM molecules present in the inner regions of the rabbit 
meniscus. Primary cells were chosen since passaged MCs and ACs 
dedifferentiate in monolayer and express high levels of collagen I, and low levels 
of collagen II and aggrecan.59, 153 Bovine cells were judiciously chosen to 
recreate the rabbit meniscus since they are an easily available cell source that 
can be harnessed to develop meniscus tissue engineering technologies. In 
addition, bovine cells may also be considered as a potential xenogenic cell 
source for leporine meniscus tissue engineering. For this approach to be 
successful in vivo, a battery of tests will need to be conducted in vitro and in vivo 
to ensure the cells do not elicit a humoral immune response. This approach may 
be feasible so long as the cells are shielded by a scaffold or ECM.88 
To enhance the clinical translatability of our approach, as well as to modulate the 
phenotype of cells during culture, this experiment utilized a serum-free medium 
to grow meniscus-shaped constructs. Previous studies have shown that serum-
free medium containing additives such as ITS+ and dexamethasone can 
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significantly enhance GAG production in ACs.154, 155 We have also obtained 
similar results in a previous study comparing serum-containing and serum-free 
medium.16 Co-cultures of MCs and ACs (50:50), grown in cylindrical molds using 
a similar scaffoldless approach, were found to contain higher levels of GAG in 
constructs in serum-free medium when compared to those cultured in serum-
containing medium. In addition, total collagen was increased and the collagen I to 
collagen II ratio was decreased when comparing serum-free culture to serum-
containing culture. This showed that the matrix was more cartilaginous in nature 
when cultured in serum-free conditions. Our results utilizing the elliptical mold 
design were even more dramatic, with greater amounts of total collagen II 
produced than collagen I. Specifically, collagen II levels surpassed collagen I 
levels by at least ten times in constructs cultured in rough wells and up to 27 
times in constructs cultured in smooth wells. This was an exciting result, 
especially since the inner region rabbit meniscus contains a high amount of 
collagen II. In future work, AC to MC ratios can be modified to attain the correct 
levels of each type of collagen in the construct. 
While recapitulating the geometric shape of the meniscus is an important 
component of a meniscus tissue engineering strategy, the functional properties of 
the engineered construct are also an effective assessment tool. Examination of 
the structure-function relationships of the constructs showed that increased GAG 
levels resulted in increased compressive stiffness of the constructs, while 
increased collagen content resulted in increased tensile stiffness of the construct. 
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Excitingly, we were able to achieve GAG levels per wet weight (-5 to 6%) similar 
to those of native rabbit meniscus values (-3-4%). Collagen levels per wet weight 
ranged from 8 to 13%, lower than native values (~23%).156 Compressive stiffness 
of constructs cultured in 2% agarose smooth wells (~120 kPa) mimicked those of 
the outer regions of the rabbit meniscus (~120 kPa), although the compressive 
properties of the inner meniscus are four times higher (~510 kPa). The highest 
tensile stiffness (~1 MPa) and UTS (-0.25 MPa) were observed in the 1% 
agarose smooth wells. These results were corroborated by polarized light 
micrographs showing most prominent collagen alignment in this group. In spite of 
this, the tensile values obtained were two orders of magnitude below those of 
native tissue.78 Thus, future work will need to investigate strategies to enhance 
the tensile properties of the constructs without comprising their compressive 
properties. This could be achieved by using exogenous factors, such as 
chondroitinase ABC, which temporarily remove GAGs from the matrix and allow 
enhancement of the collagen network.4 
Conclusions 
In conclusion, a smooth mold made of 1% agarose was able to create 
geometrically-mimetic meniscus constructs for meniscus tissue engineering 
using a scaffoldless approach. Rough wells inhibited construct buckling but 
resulted in uneven shaped constructs. Stark changes were observed in ECM 
components among groups, with smooth wells enhancing cartilaginous markers 
such as GAG and collagen II and rough wells enhancing the fibroblastic marker 
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collagen I. Overall, this work presents an effective strategy for knee meniscus 
tissue engineering using a self-assembly, scaffoldless process to create 
constructs approaching the geometrical, biochemical, and biomechanical 
properties of the native meniscus. 
158 
Figures 
Figure 25. Meniscus well-maker. 
(A) AutoCAD drawing of the elliptical well-maker (B) Well-maker fabricated with 
smooth topology (scale bar = 2 mm). (C) Well-maker fabricated with rough 
topology (scale bar = 2 mm). 
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Figure 26. Gross morphology and histology. 
Picrosirius red, polarized light and safranin O / fast-green staining of constructs 
at 10X magnification. 
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Figure 27. Biochemical characterization of constructs. 
(A) Cell number per construct. Dashed line indicates original cell seeding density 
of ~20 million cells per construct. (B) Collagen content normalized to construct 
wet weight. (C) GAG content normalized to construct wet weight. (D) Collagen II 
per construct normalized to collagen I per construct. Data presented as mean ± 
SD with significance among groups labeled with different letters (p < 0.05). 
161 
• UTS 
oTensile Modulus 
200 H 
1% Agarose 2% Agarose 1% Agarose 2% Agarose 
Smooth Smooth Rough Rough 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
f 
AB 
T 
\ 
AB 
1 
B 
T 
1% Agarose 
Smooth 
2% Agarose 
Smooth 
1% Agarose 
Rough 
2% Agarose 
Rough 
Figure 28. Biomechanical characterization of constructs. 
(A) Tensile modulus and ultimate strength of constructs. (B) Aggregate modulus 
determined from creep indentation testing. Data presented as mean ± SD with 
significance between groups labeled with different letters (p < 0.05). 
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Table 7: Gross morphological and biochemical results. 
Group 
1% Agarose 
Smooth 
2% Agarose 
Smooth 
1% Agarose 
Rough 
2% Agarose 
Rough 
p value 
Average 
thickness 
(mm) 
3.5 
±0.1 
3.7 
±0.1 
3.6 
±0.2 
3.7 
±0.2 
0.38 
Average 
height 
(mm) 
1.0 
±0.1 
1.0 
±0.1 
1.0 
±0.0 
1.0 
±0.1 
0.70 
Wet 
weight 
(mg) 
32.7 
±1 .8" 
32.0 
±2.7 b 
38.8 
±3.3 a 
36.0 
±1.9a b 
0.0004 
Total 
GAG 
(mg) 
1.5 
±0 .3 a 
2.0 
± 0.2 ab 
1.3 
±0 .3 b 
1.3 
±0.4 b 
0.002 
Total 
collagen 
(mg) 
4.2 
±0.6 
3.8 
±0.7 
3.4 
±0.5 
3.4 
±0.3 
0.05 
Collagen 
I 
(ug) 
22.5 
±1.7b 
22.1 
±4 .6 b 
45.5 
±8.9a 
45.8 
±7.4 a 
< 0.0001 
Collagen 
II 
(mg) 
0.6 
±0.1 a 
0.6 
±0.1 a 
0.4 
± 0 . 1 b 
0.4 
± 0 . 1 b 
0.003 
Data presented as mean ± SD with significance between groups labeled with 
different letters (p<0.05). 
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Discussion and Conclusions 
This thesis presents work advancing the use of two different cell sources to 
tissue engineer the knee meniscus. Toward the use of leporine cells, a 
chondrogenic cell expansion protocol was developed, and the effects of passage 
number, cryopreservation, and ^differentiation prior to self-assembly were 
determined. This work sets the foundation for the future application of expanded 
leporine cells for the creation of clinically relevant meniscal tissue. To enhance 
functionality of meniscus-shaped constructs formed from bovine cells, the 
temporal application of multiple stimuli was optimized. The use of a smooth, 
compliant self-assembly mold enabled constructs to maintain critical meniscus 
geometric properties throughout culture. Additionally, the ability of exogenous 
stimuli, TGf3-1, C-ABC, and physiologic mechanical stimulation to significantly 
enhance the biochemical and biomechanical properties of self-assembled 
constructs represents a large step towards increased construct functionality. 
Looking towards eventual in vivo studies in the leporine model, meniscus cells 
and articular chondrocytes from either bovine or leporine origin were unable to 
induce an in vitro immune response when cultured with leporine mononuclear 
cells. This bodes well for the application of either allogenic or xenogenic cells in 
future in vivo models. 
The global hypotheses of this thesis are: 1) the proper selection of culture 
conditions will enhance clinical translatability and allow for the generation of 
robust self-assembled constructs from leporine meniscus cells and articular 
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chondrocytes; 2) neither leporine nor bovine meniscus cells or articular 
chondrocytes will provoke an immune response in an in vitro leporine model; 3) a 
temporally-coordinated chemical stimulation regimen will allow for the formation 
of meniscus constructs resembling native tissue; 4) physiologic, dynamic 
mechanical stimulation combined with chemical stimulation will result in the 
generation of engineered meniscal tissue that approximates the functional 
properties of native meniscal tissue; and 5) passive mechanical forces present 
during self-assembly well-confinement will significantly affect the geometric and 
functional properties of self-assembled meniscal constructs. Before this thesis, 
work in our laboratory had elucidated biochemical and biomechanical properties 
of native meniscal tissue, studied the effects of passaging on meniscus cells and 
articular chondrocytes, created self-assembled constructs with a ring shape, and 
established methods to enhance bovine self-assembled constructs through 
chemical stimulation. This thesis was concerned with enhancing the potential for 
clinical translatability by advancing the utility of an adult, allogenic cell source and 
by increasing the functionality of meniscus-shaped constructs. 
Investigation of leporine cartilaginous cells in the self-assembly modality was 
initiated with attempts to enhance clinical translatability by elimination of serum 
from expansion media and by enhancing cartilaginous matrix formation. Thus, 
the studies described in Chapter 1 were performed. The first phase of this study 
compared traditional expansion with a low cell density and a serum-containing 
medium to usage of a serum-free medium containing potent chondrogenic 
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stimuli, dexamethasone, insulin, and bFGF, in conjunction with high cell density. 
Biochemical analysis showed that constructs formed with chondrogenically-
expanded chondrocytes had 40% more GAG/WW and a 14-fold higher collagen 
2/collagen 1 ratio compared to constructs formed with cells expanded using the 
traditional protocol. These results may be due to a decrease in dedifferentiation 
during monolayer expansion, an increase in ^differentiation potential when 
placed in 3D culture, or a combination of the two. The expansion protocol 
identified in the first phas e was then employed in the second phase which 
attempted to further enhance the ^differentiation potential of expanded cells by 
forming self-assembled co-cultures with primary chondrocytes. Surprisingly, it 
was found that the addition of primary cells caused a decrease in the 
cartilaginous properties of resulting self-assembled constructs. Counterintuitively, 
biochemical analysis showed that constructs formed only with passaged cells 
had twice the GAG/WW and collagen 2/collagen ratio observed with constructs 
formed from only primary cells. Primary chondrocytes are expected to outperform 
their expanded counterparts; however, many of the studies comparing the two 
have used cells from skeletally-immature donors. The chondrogenic capacity of 
chondrocytes from skeletally-mature donors has been shown to be dramatically 
reduced. Although expanded cells were from the same skeletally-mature donors, 
monolayer expansion has been shown to result in a level of plasticity that, when 
combined with the chondrogenically-tuned expansion protocol, likely triggered 
higher expression of SOX-9 than in their primary cell counterparts. This result 
suggests cartilage tissue engineers should rethink the dogma that cellular 
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expansion is detrimental to chondrocyte phenotype. The results of these two 
phases greatly enhance the potential for clinical translatability of the self-
assembly process due to the minimization of serum usage in expansion media 
and the ability to obtain a large number of high quality chondrocytes through 
chondrogenically-tuned expansion. 
In the study described in Chapter 2, leporine meniscus cells and articular 
chondrocytes were expanded to either passage 3 or 4 using the protocol 
determined in Chapter 1. Following expansion, the effects of cryopreservation 
and ^differentiation prior to self-assembly were examined. The goal of this study 
was to further enhance the clinical translatability of the cells used for the self-
assembly process by 1) allowing the generation of a larger number of cells by 
expansion to a higher passage number; 2) reducing lead time required to obtain 
cells by allowing generation of a cryopreserved cell bank; and 3) enhancing the 
cartilaginous quality of tissue produced by expanded cells by employing a 3D 
^differentiation culture prior to self-assembly. Likely due to the chondrogenically-
tuned expansion protocol, expansion to passage 4 was found to not result in 
significant detriment to the biochemical or biomechanical properties of resultant 
constructs as compared to constructs formed with passage 3 cells. While 
cryopreservation was shown not to affect the cartilaginous phenotype, evidenced 
by no change in the collagen 2/collagen 1 ratio, it did significantly enhance 
collagen/WW, GAG/WW, and tensile and compressive mechanical properties. 
These increases in construct properties are potentially due to the elimination of a 
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subset of the cellular population that was more sensitive to cryopreservation and 
also responsible for the higher level of expansive growth that was observed with 
non-cryopreserved cells. While pellet ^differentiation was not found to enhance 
construct properties, aggregate ^differentiation was shown to significantly 
increase all of the biochemical and biomechanical properties measured for 
chondrocyte constructs as well as the GAG/WW and compressive properties for 
meniscus cell constructs. Due to the similarity between the mechanism of 
aggregate formation and self-assembly, this ^differentiation technique may have 
selected for and subsequently enhanced the population of expanded cells most 
suitable for self-assembly. In addition, this study showed that the functional 
properties of constructs formed from either expanded meniscus cells or articular 
chondrocytes exceeded those formed with corresponding primary cells. Overall, 
this study identified three techniques that could be used to enhance the clinical 
utility of expanded meniscus cells and articular chondrocytes. 
The study described in Chapter 3 begins the switch in focus of this thesis from a 
leporine to a bovine cell source. Eventually, self-assembled meniscal constructs 
will be tested in an in vivo modality. Due to previous work, these constructs will 
likely be introduced into a leporine model. Initiation of an immune response 
would be disastrous to the success of an engineered tissue replacement. Thus, 
before optimizing construct properties it would be prudent to determine the 
potential for an immune response. While an allogenic cell source would likely be 
acceptable from an immunological standpoint, bovine articular chondrocytes and 
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meniscus cells have been shown to be able to produce constructs approaching 
the geometric and functional properties of native tissue. Thus, this study was 
undertaken to determine the immunogenicity of cartilaginous leporine and bovine 
cells when considering a leporine animal model. Results from the mixed 
lymphocyte reaction test showed that leporine peripheral blood mononuclear 
cells did not proliferate in response to co-culture with cartilaginous cells. This 
indicates that neither leporine nor bovine cells will induce an immune response in 
a leporine animal model. Results from this test suggest that the cartilaginous 
cells either do not possess the necessary B7-family co-factors for T-cell 
activation or are producing a factor that inhibits T-cell activation. Thus, use of 
cartilaginous cells of both leporine and bovine origin may be acceptable for 
generating replacement meniscus tissue for implantation in a leporine model. 
The first study of this thesis employing meniscus-shaped constructs formed from 
bovine meniscus cells and chondrocytes is described in Chapter 4. Previous 
research in our laboratory identified C-ABC and TGF|3-1 as chemical agents able 
to enhance the functional properties of self-assembled constructs. Thus, the goal 
of this study was to determine a temporally-coordinated chemical stimulation 
regimen capable of synergistically enhancing construct biochemical and 
biomechanical properties. While the motivation for application of TGF-p1 is 
straightforward, stimulation with C-ABC may appear to be counterproductive due 
to its matrix degrading function. Results of this study showed that C-ABC applied 
alone at 1 wk, as well as TGF-[31 applied continuously throughout the study 
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enhanced GAG/WW, collagen/WW, and tensile and compressive biomechanical 
properties. Excitingly, upon combination of these two chemical agents, 
synergistic increases in th e tensile modulus (5-fold) and in the compressive 
relaxation modulus (68%) were obtained. In addition, additive increases in the 
instantaneous modulus (136%) and in collagen/WW (196%) were observed with 
the combined treatment. The combined application of these two chemical agents 
resulted in maturational growth of the self-assembled constructs as evidenced by 
increased GAG/WW and collagen/WW and decreased hydration. Typically the 
swelling pressure imparted by an abundance of GAG in self-assembled 
constructs leads to expansive construct growth, but by temporarily removing 
GAG from the constructs, interactions can occur among the collagen network 
and cells to enhance the collagen network. As GAGs begin to repopulate the 
construct, the collagen network is able to resist the swelling pressure thus 
enabling the formation of a construct of higher functionality. Also, GAG depletion 
may lead to greater access of growth factors to cells, release of bound growth 
factors, or exposure to bioactive sites on core proteins. TGF-|31 further enhanced 
maturational growth by stimulating a-SMA production which led to concentration 
of ECM within the construct. Overall, these results showed that self-assembled 
constructs replicating many of the functional properties of native tissue could be 
generated. 
In Chapter 5, the first account of the effectiveness of physiologic mechanical 
stimulation on meniscus constructs is described. Reports aimed at articular 
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cartilage and tendon engineering have indicated that mechanical stimulation can 
be beneficial; this, however, was the first study to conclusively illustrate the 
benefits of mechanical stimulation for meniscal tissue engineering. In addition, 
this was the first study to apply simultaneous tensile and compressive stimulation 
to tissue constructs. This combined mechanical stimulation was made possible 
by the unique shapes of both the meniscus construct and compression platen, 
enabling the conversion of compressive forces into tensile forces. Stimulation 
was applied at a physiologic strain and frequency over two separate 5-day 
periods with or without the chemical stimulation regimen determined in Chapter 
4. Mechanical stimulation from days 10-14 resulted in the enhancement of 
GAG/WW, collagen/WW, and all compressive and tensile biomechanical 
properties that were measured. Furthermore, combination with chemical 
stimulation resulted in additive increases to collagen/WW by 4-fold, compressive 
instantaneous modulus by 3-fold, compressive relaxation modulus by 2-fold, 
circumferential tensile modulus by 4-fold, and radial tensile modulus by 6-fold. 
While the exact mechanism responsible for the increases observed with 
mechanical stimulation is unknown, it is likely that increased nutrient transport or 
mechanosensitive channels on the cell surface play a significant role. 
In Chapter 6, the effects of two different levels of passive mechanical forces on 
meniscus-shaped constructs were studied. The compliance of the self-assembly 
well was varied by employing 1% and 2% agarose for well formation. The 
compliance of the well determines the force the well applies on the construct as 
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the construct radially expands and impinges on the well edge. Additionally, the 
surface roughness of the well was altered to study the effects of well topography 
on construct properties. It was found that a well, formed from 1% agarose, 
supported formation of a construct that maintained the geometric properties of 
the well. Construct deformation due to buckling upon contact with the well edge 
occurred in constructs formed in 2% agarose wells. The differences in passive 
mechanical stimulation resulted in differences in functional properties, as 
constructs formed in 1% agarose wells had increased tensile properties, while 
constructs formed in 2% agarose wells had higher compressive properties. 
Constructs formed in wells with a rough topography resulted in uneven construct 
formation and appeared to be adhered to the bottom of the well. We 
hypothesized that the construct had become interdigitated with the well due to 
the microgrooves present on the well surface. Reactionary tensile forces 
developed due to construct anchorage and led to the uneven appearance of 
constructs. Overall, the use of a smooth mold formed from 1% agarose led to the 
formation of geometrically-mimetic meniscus constructs with enhanced tensile 
properties. 
The work described in this thesis has made significant contributions to the field of 
meniscus tissue engineering. The potential for clinical utility of adult, expanded 
meniscus cells and articular chondrocytes was increased by 1) enhancing the 
ability to form a functional cartilaginous matrix through a chondrogenically-tuned 
expansion protocol, application of cryopreservation, and aggregate 
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redifferentiation prior to construct formation; 2) showing that passage 4 adult 
cells could be utilized without concerns of significant phenotypic drift which would 
allow the generation of a large number of cells from a tissue biopsy; 3) showing 
that cryopreservation can be employed to reduce the lead-time required for a 
cell-based approach; and 4) allowing for future allogenic in vivo studies by 
demonstrating that leporine cartilaginous cells do not elicit an immune response. 
Significant improvements towards eventual clinical translatability* of self-
assembled meniscal constructs have been made by 1) the enhancement of 
functional properties through construct stimulation and 2) the demonstration that 
bovine cartilaginous cells are unlikely to provoke an immune response in a 
leporine model. Through the application of a temporally-coordinated regimen of 
C-ABC, TGF-(31, and simultaneous compressive and tensile mechanical 
stimulation, the compressive and biochemical properties of native menisci have 
been matched and the tensile properties have been greatly enhanced. 
In the future, many studies may be motivated by the work presented in this 
thesis. Leporine cells should be employed to generate meniscus-shaped 
constructs, and the effects of mechanical and chemical stimulation should be 
assessed. Additional stimuli such as hydrostatic pressure, hypoxia, and well 
confinement should be added to the temporally-coordinated regimen of 
mechanical and chemical stimulation presented in this thesis. The various 
parameters (strain percentage, frequency, duty cycle and duration) of the 
mechanical stimulation applied in this thesis should be further studied and 
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optimized. Finally, the most exciting prospect for future studies, given the 
enhanced clinical translatability and functional properties described in this thesis, 
would be to study the ability of self-assembled meniscal tissue to replace the 
leporine meniscus in an in vivo model. 
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